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Abstract.
The structure of nuclear isomeric states is reviewed in the context of their role in
contemporary nuclear physics research. Emphasis is given to high-spin isomers in heavy
nuclei, with A & 150. The possibility to exploit isomers to study some of the most
exotic nuclei is a recurring theme. In spherical nuclei, the role of octupole collectivity is
discussed in detail, while in deformed nuclei the limitations of the K quantum number
are addressed. Isomer targets and isomer beams are considered, along with applications
related to energy storage, astrophysics, medicine, and experimental advances.
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1. Introduction
1.1. History
The discovery of nuclear isomerism is credited to the work of Otto Hahn in 1921 [1]
although the term isomer in the nuclear context probably came from Frederick Soddy
who applied it to nuclei, in analogy with chemical isomers, to describe long-lived nuclear
states with nuclear properties substantially different from others formed by the same
number of protons and neutrons [2]. At a time when all nuclear states were anticipated to
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have lifetimes less than 10−13 s, there was considerable speculation as to their origin (see
for example Ref. [3]). A crucial theoretical insight came in 1936 from von Weizsa¨cker
[4], who showed that the combination of a large angular momentum change and low
transition energy could lead to a long half-life for electromagnetic decay.
The early review by Segre` and Helmholz [5] attempted to quantify von Weizsa¨cker’s
idea and by the early 1950’s, the discovery of isomers in many nuclei and their
interpretation [6, 7, 8] were playing a pivotal role in the development of models
describing spherical and deformed nuclei. In spherical odd-A nuclei the shell model
with spin-orbit splitting predicted that orbitals with significant differences in orbital
angular momentum would be present at the Fermi surface, giving close-lying low-energy
states with very different quantum numbers. The probabilities for the electromagnetic
transitions connecting such states were likely to be low, hence isomers could be expected.
Their observation and classification was a direct test of the properties of the orbitals
present, and the purity of the configurations, and therefore the nuclear potential: a
snapshot, essentially, of the important intrinsic states in nuclei.
In parallel, evidence for the existence, and contributions to the understanding, of the
characteristics of deformed nuclei evolved: the seminal 1953 paper of Bohr and Mottelson
[9] interpreted the γ-ray cascade following the decay of an unusual 5.5 hour isomer [10]
in 180Hf as a sequence of transitions within the rotational band of an axially-symmetric
deformed nucleus. Surprisingly, the moment-of-inertia deduced from the state energy-
spacing was only about a third of that expected for rigid rotation of a nucleus with the
deformation implied by the quadrupole moments [11, 12], a fact subsequently attributed
to pairing-induced superfluidity in nuclei [13]. The long half-life turned out not to be
due to a large angular momentum change but to the breaking of a (new) selection rule
related to conservation of K, the projection of the nuclear total angular momentum on
the deformation axis. This terminology came into currency in 1955 [14], with robust
selection rules. Discovery of the high-K isomer in 180Hf was clearly a trigger for a number
of major steps in the understanding of collective nuclear structure, as highlighted by
Aage Bohr in his Nobel prize lecture of 1975 [15].
The high-spin studies of the late 70s and early 80s resulted in the discovery of
many isomeric, multiparticle states in several regions, formed by aligning particles in the
equatorial plane of spherical nuclei or the belt of deformed nuclei. The excitement this
generated was reflected in the statement recorded by Bohr and Mottelson in the Nobel
symposium of 1980: The presence of many quasiparticles with aligned angular momenta
presents us with nuclear matter under fascinating new conditions, representing a novel
type of symmetry breaking [16]. One question that has yet to be answered perhaps, is
how many particles can be aligned before the concept of a mean-field is disrupted.
1.2. Imperatives
From the theoretical point-of-view the terms “isomer” and “isomeric” are used generally
where different characteristics or configurations arising from the same constituents will
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result in a reduced overlap between initial and final state wave functions, and hence
significant inhibition for transitions between them − as with shape isomers, for example.
On the technical side, any state which has a directly measurable lifetime, in the
sense of an electronic measurement, even down to the sub-nanosecond regime, could
be termed an isomer, or more properly a metastable state. The semantics are less
important than the consideration that the states are relatively long-lived compared to
normal states in a particular nucleus or nuclear regime [17]. In other words, they are
metastable. There is an additional distinction to be made between intrinsic states and
collective states that might, coincidentally, have directly measurable lifetimes. As well
as the nuclear structure considerations, lifetimes of the order of a few nanoseconds or
longer provide an experimental tool which facilitates a variety of techniques: accurate
measurement of transition strengths, time-differential measurement of nuclear moments
[18], unambiguous placement of transitions in nuclear level schemes through temporal
ordering, and substantially improved sensitivity to weakly populated states. Indeed, it
can be the case that it is states populated in an isomer’s decay that are of primary
interest, rather than the isomer itself. The sensitivity is gained because otherwise
complex spectra can be dramatically simplified by separation into different time regimes,
either electronically, physically in space, or both. The time correlations allow precise
identification of transitions following and preceding high-lying isomers, opening up
the prospect of unambiguous placement and the ability to bootstrap to otherwise
inaccessible regions of high excitation energy and spin.
The idea that the lifetime of a nuclear state decaying by a single transition depends
on the transition energy, ∆E, and the change in quantum numbers between the isomer
and the state to which it decays translates to the relation
τ ∝ | < f |Tλ|i > |
2/(∆E)2λ+1,
where λ is the multipole order and Tλ is the transition operator between the initial, i,
and final, f , states. This depends on three factors, the energy and multipole order
(combined) and the underlying transition matrix element, which itself may be the
product of a number of factors. If ∆E is small and the multipole order is large, the
lifetime is likely to be relatively long. This can occur by chance, in the sense of a random
energy spacing, or because the configuration of the upper state represents an unusually
efficient way for the nucleus to carry angular momentum (a nuclear structure effect),
hence its relatively low energy and high spin. Alternatively, a long lifetime might signal
a distinct change in nuclear structure, resulting in a small overlap and therefore a small
matrix element. This could indicate a large configuration change (the rearrangement of
many orbits) or a large shape change, or even a major re-orientation of a spin vector,
any one of which will lead to inhibited transitions. The underlying factor here is that
different modes of excitation are not confined to particular regions of the nuclear chart
but can develop within a single nucleus, since the excitations themselves modify the
nuclear mean-field.
Studies of isomers aimed at elucidating nuclear structure therefore exploit the
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related prospects for:
• making new discoveries with high sensitivity
• characterising unusual nuclear structures and configurations
• probing both mean-field potentials and dynamics
• classifying shapes − spherical, deformed and coexisting
• exposing aspects of wave-function hybridisation, such as configuration mixing and
K-mixing.
Other imperatives include the possibility of applications stemming from the
serendipitous discovery of states with specific properties. These range from opportunities
for the storage and release of energy [17] and studies of coupled atomic-nuclear effects
[19, 20, 21, 22], to applications in medicine (see for example [23, 24, 25]). The existence
of isomers could well have a role in stellar processes [26, 27] while the existence of
possible K-violating paths that could connect the low-lying ground and isomeric states
in nuclides such as 176Lu and 180Ta via photo-excitation in a stellar environment,
thus controlling their abundances, continues to challenge both theory and experiment
[26, 28, 29, 30, 31, 32, 33, 34, 35].
1.3. Scope
This review will begin with an outline of some of the nuclear-structure factors operative
in the formation of isomers, such as seniority cancellation and K-forbiddenness (Sect. 2).
Examples will be drawn from the “traditional” regions of isomerism, near the spherical
and deformed shells. The high-K isomers in well-deformed nuclei near mass-180 and also
in the transitional nuclei near mass-190 will be covered in Sect. 3, while spherical regions
and multi-particle shell-model isomers will be discussed in Sect. 4. These will include the
trans-lead nuclei (Sect. 4.1) where coupling to octupole vibrations is important, and the
mass-150 region where similar high-spin multi-particle configurations occur, but where
shape changes may play a more significant role (Sect. 4.2).
Dynamic and static shape changes are related to the formation of competing
minima in the nuclear potential that leads to shape coexistence. The high-spin
superdeformation, that was discovered several decades ago, falls into this category.
Low-spin superdeformation was already well-known in heavy nuclei to lead to fission
isomers. Implications for the existence and properties of either bandhead or K-isomers
in the second well will be covered in Sect. 5. The status of studies on superheavy nuclei
will also be included in this section. These studies hark back to the role played earlier
by isomers in identifying key orbitals near the Fermi surface (Sect. 5.4) with the present
hope of discriminating between mean-field theories that aim to predict the existence
and stability of superheavy nuclei.
The possibilities to exploit isomer targets and isomer beams are discussed in Sect. 6
and 7, respectively. In parallel with these (predominantly) nuclear structure studies, the
expanding role of isomers in inter-disciplinary research, including opportunities for direct
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applications such as induced deexcitation for energy release, or for probing subtle effects
at the nuclear/atomic interface, will be outlined in Sect. 8, together with astrophysical
applications. Medical applications are discussed in Sect. 9.
Selected additional aspects of experimental development will be covered in Sect. 10,
including recoil methods for the study of neutron-deficient nuclei; the use of deep-
inelastic and fragmentation reactions, particularly for studies in neutron-rich nuclei,
including direct mass measurements with storage rings; fast-timing with LaBr3
detectors; and isomer separation techniques.
Taken together, these topics constitute too broad a canvas to be covered in detail,
but hopefully we can provide some of the signposts to developments of current interest,
as well as prospects for the future. In this context, a detailed analysis and review of the
structure of high-spin states including isomers was given by de Voigt et al. three decades
ago [36]. More recent reviews of isomers include a study of deformed nuclei in the mass-
180 region [37], a comprehensive review of shape coexistence where isomers play a role
[38], as well as various popular commentaries (see for example Refs. [17, 23, 39, 40]). An
extensive data review covering the decay properties and configurations of high-K isomers
in deformed nuclei with A > 100 has also recently been completed [41]. The present work
draws both on those results and on the Nobel symposium report by Dracoulis [42]. In
addition, theoretical aspects of high-K isomers have been discussed recently by Walker
and Xu [43]. On the purely experimental side, the recent compilation associated with the
2012 NUBASE evaluation of Audi et al. [44] includes excited isomeric states with half-
lives greater than 100 ns, as well the nuclear ground states; isomers with half-lives greater
than 10 ns are tabulated by Jain et al. [45]; and electromagnetic moments have been
compiled by Stone [46]. Furthermore, data for isomers and their decay properties are
regularly published in the journal Nuclear Data Sheets and are included in the nuclear
structure databases Evaluated Nuclear Structure Data File (ENSDF) and Unevaluated
Nuclear Data List (XUNDL) [47].
In figure 1, a prespective is given of the occurrence of isomers throughout the
nuclear chart, with data from Ref. [44]. From this figure, it is clear that the occurrence
of isomers is not random, with concentrations both at closed shells and away from closed
shells. It is the underlying physics associated with this non-random distribution that
forms the basis of this review.
A contemporary issue is to what extent isomers might, at the limits of nuclear
binding, provide extra stability, in the sense that their half-lives can exceed those of
their corresponding ground states. There is discussion of this aspect in Sect. 5.
2. Background to isomer formation
While much is known of the nuclear structure that controls the excitation energies
and decay rates of nuclear states, it is essentially impossible to predict precisely their
likely occurrence, and especially their lifetimes. This is because small energy differences
between the initial state and possible final states can have a large effect on transition
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Figure 1. Nuclear chart illustrating the distribution of isomers with excitation
energies greater than 600 keV, with data from Audi et al. [44]. The ﬁlled red circles
correspond to 200 ns < T1/2 < 100 µs, the open red circles correspond to 100 µs
< T1/2 < 1 hr, and the ﬁlled blue diamonds are for T1/2 > 1 hr.
rates. In the extreme case a small change in energy might result in the reversal of the
disposition of close-lying states, so where a decay path may have been predicted, in
reality, no path exists, or vice versa. Furthermore, since the transitions which do occur
may be ones which are, in principle, forbidden, they must only occur through miniscule
wave-function admixtures which are impossible to predict accurately. Hence, there is
an inevitable reliance on phenomenology driven by experiment and discovery.
The traditional areas where such states are found, and indeed where more are
expected, are in medium-heavy to heavy nuclei close to closed shells, where the valence
particles can occupy orbits with high spin. This occurs near the closed neutron and
proton shells with N = 82 and Z = 50 (A ≈ 130), N = 82, Z = 64 (A ≈ 150), and
N = 126, Z = 82 (A ≈ 210), giving rise to multi-particle states with high-spin at
relatively low energies. While these states have their origin in spherical configurations,
coupling to the octupole vibration turns out to play a crucial role in their formation.
In the well-deformed nuclei, which occur between closed shells, collective (rotational)
states tend to dominate the yrast line ‡ except in the A ≈ 180 region. There, high-K
multi-quasiparticle states, formed by summing the projections on the symmetry axis of
a number of high-spin unpaired nucleons, are sufficiently low in energy to compete with
‡ the locus of the lowest energy states as a function of spin
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purely collective excitations.
2.1. Transition strengths and lifetimes
It is useful to classify transitions in terms of their strength with respect to nominal
single-particle transitions, that is, those in which the orbit of one particle changes, under
conditions which imply that there are no particular inhibitions due to changes in the
quantum numbers etc. This corresponds to the Weisskopf unit (W.u.) for the various
electric and magnetic radiations of different multipole order, detailed formulae for which
can be found in textbooks. The half-life in nanoseconds equivalent to a Weisskopf unit
is
T1/2(E1) = 6.76× A
−2/3E−3 × 10−6
T1/2(M1) = 2.20× E
−3 × 10−5
T1/2(E2) = 9.52× A
−4/3E−5
T1/2(M2) = 3.10× A
−2/3E−5 × 101
T1/2(E3) = 2.04× A
−2E−7 × 107
where the transition energy E is in MeV and A is the atomic mass number [41].
Taking a mass number of A = 200 and a transition energy of 200 keV, we can
calculate half-lives for what would be typical decays in a given structure context,
remembering that internal conversion will reduce the half-lives further. Electrical dipole
(E1) transitions, for example, are normally retarded with respect to single-particle
values by factors of ∼10−5 because of the absence of intrinsic nuclear orbitals which
can be connected by the dipole operator so that
T1/2(E1, 200 keV ) ∼ 2 ns.
Electric quadrupole transitions in nuclei between single-particle or many-particle states
have strengths which are less than the single-particle values (modified as will be discussed
below by specific coupling effects) so that
T1/2(E2, 200 keV ) & 25 ns.
Collective E2 transitions, however, between members of rotational bands associated
with deformed nuclei may be several hundred times faster, making their half-lives a
small fraction of a nanosecond. Except in special cases, M1 transitions are not usually
associated with collective modes, and typically would have strengths of about 0.1 W.u.,
giving values similar to the collective E2 case:
T1/2(M1, 200 keV ) ∼ 0.03 ns.
Magnetic quadrupole (M2) transitions are rarely stronger than a single-particle unit
and then only between specific j-allowed single-particle orbits. Even those have long-
half-lives with
T1/2(M2, 200 keV ) & 3 µs.
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The lifetimes in general increase rapidly as the multipole order increases, so that single-
particle electric-octupole transitions of such a low energy are very slow, with
T1/2(E3, 200 keV ) ∼ 40 ms,
and would be most unlikely to compete with other available decay paths. More
importantly, E3 transitions associated with collective vibrations are a feature of some
nuclei near closed shells and are 10−50 times stronger (see Sect. 4), hence the associated
lifetimes are correspondingly shorter. Nevertheless, even for an enhancement of a factor
of forty, a 200 keV E3 transition would still result in a half-life of about a millisecond.
It should be clear from the above that isomers will occur even for “normal
transitions”. Nuclear structure effects which act to retard transitions further, or to
lower the transition energies, will be superimposed on this.
2.2. Seniority isomers in spherical nuclei
As will be discussed later (Sect. 4), there are many isomers known in regions near closed
shells, such as in the trans-lead nuclei. Most are spin traps [17] − low energy states
that are forced to decay by high-multipole transitions − while others involve multiple
changes in particle orbits resulting in significant inhibitions. Even at relatively low spins,
however, most spherical even-even nuclei exhibit isomers, due not to orbital changes,
but to wave-function cancellations.
Near the middle of specific shells, the E2 transition strengths are reduced because
of seniority cancellation [48, 49, 50]. For members of a jn multiplet in a single-j shell,
as a function of seniority, s, the reduced transition probability from spin J to J − 2 can
be written:
B(E2; J → (J − 2)) ∝ (
Ω− n
Ω− s
)2 ,
where n is the number of active particles and 2Ω = 2j +1 is the shell degeneracy. This
translates to a linear dependence of
√
B(E2) on n and to a cancellation of the B(E2)
strength in the middle of a shell. The situation in more complicated cases when the
shells are not isolated is usually analysed in terms of quasiparticles by incorporating the
particle and hole occupation probability factors u and v and an effective charge eeff , so
that
B(E2; J → (J − 2)) ∝ (u2 − v2)2 × e2eff ,
which will again go to zero at the effective midshell.
Combined with the decrease in energy spacing as a function of increasing spin in
a typical multiplet (see Sect. 4) relatively long lifetimes inevitably occur, even though
the states connected by E2 transitions arise from the same configuration. For the
maximally-aligned spins, isomers with a wide range of lifetimes, from nanoseconds to
many microseconds, can result.
An excellent example is provided by the long chain of isomers discovered in the
tin isotopes ([51, 52] and references therein) and attributed to the νhn11/2 configuration
CONTENTS 11
Figure 2. Compilation of B(E2) values for the h211/2 and h
3
11/2 neutron chain in the
Sn isotopes given by Zhang et al. [52] (see also Lozeva et al. [53]). Note the right-hand
scale which is adjusted for the diﬀerence in geometrical factors for the seniority-two
and seniority-three cases.
with seniority two and three. The consistency of this interpretation can be seen from
the systematics of
√
B(E2) values given in figure 2: the results for the 10+ and 27/2−
isomers in the odd and even isotopes all fall on the same locus once adjustment is
made for the difference in geometric factors. (Note that the sign change at mid-shell is
assumed, not measured.)
Seniority isomers can thus be used as a signature of the presence of shells or
isolated sub-shells and the concomitant wave-function purity, as well as of a transition
to collectivity [54]. For example, the presence of πhn11/2 isomers is part of the argument
put forward for the substantive nature of the Z = 64 sub-shell gap at N = 82 in the
neutron-deficient Dy-Er-Hf region [55, 56, 57], and was used early on to study exotic
neutron-rich nuclei such as 68Ni, providing evidence for a shell closure at N = 40 [58].
These isomers continue to play a significant role in the characterisation of a range of
neutron-deficient and neutron-rich nuclei (see for example Refs. [59, 60, 61, 62] and
Sect. 4).
Higher-spin states can usually be formed by progressively breaking paired orbits
near the Fermi surface, resulting in isomers at the head of each new sequence, mimicking
the procedure that leads to the lowest-seniority isomers. This is a relatively energy-
efficient process because of the underlying residual interactions, as will be discussed
later (Sect. 4) using 212Po as an example (Sect. 4.1.3).
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2.3. K-isomers in deformed nuclei
In nuclei which are well deformed in their ground state, states of high angular momentum
can be constructed by collective rotation around an axis perpendicular to the symmetry
axis. The additional breaking of pairs of particles and alignment of their individual
angular momenta with the rotation, occurs when the Coriolis effects are large [63]. This
is favourable for orbitals with high intrinsic spin (j) and small projection of that spin
on the symmetry axis (Ω). However, when Ω is large the Coriolis effects are generally
small, and if both protons and neutrons have high-Ω orbitals near their Fermi surfaces,
the projections can be coupled to a large total parallel to the symmetry axis,
Jpi = Kpi =
∑
i
Ω
Π(pii)
i (1)
at a cost in energy which is dominated by the breaking of pairs so that (to first order)
E∗ ≈
∑
k
√
(ǫk − ǫF )2 +∆2 (2)
where ǫk is the single-particle energy, ǫF is the Fermi energy and ∆ is the pairing gap
parameter, which can be obtained from odd-even mass differences. High-K intrinsic
states provide a large base (or bandhead) angular momentum upon which higher-spin
states can be built through collective rotation. The angular-momentum coupling scheme
for high-K states is shown in figure 3.
In the mass-180 region, the high-K intrinsic states often compete to form the yrast
line with states produced by collective rotation of lower-seniority configurations. As
an example, in the odd-odd nucleus 178Ta (Z = 73, N = 105), one can construct a
three-quasiproton, three-quasineutron state at the cost of about 2(∆p + ∆n) ∼ 3 MeV.
This is precisely what is seen experimentally in 178Ta which has a Kpi = 21− isomer at
2912 keV and a 22+ isomer at 3132 keV [64], both of which are lower in energy than
band members of the same spin based on lower two- and four-quasiparticle states. In
general, and for obvious reasons, the energy favoured intrinsic states usually involve
balanced excitations with similar numbers of neutrons and protons present. Few cases
are known involving only four neutrons (ν4), and to date, no four-proton isomers have
been identified. More sophisticated approaches to the calculation of multi-quasiparticle
states will be discussed in a subsequent section (3.2).
From a general nuclear-structure perspective, the high-Ω orbitals are located in the
upper half of any given shell, assuming prolate deformation, thereby constraining the
regions of N and Z where high-K isomers are most likely to be observed. Furthermore,
if the Fermi level is too high in a shell, the deformation weakens and axial symmetry is
lost. The overall result is that K isomerism is most favoured approximately two thirds
of the way through a shell. For example, hafnium, with Z = 72, is close to 70% through
the 50− 82 proton shell.
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Figure 3. Schematic angular-momentum coupling schemes: on the left is an
illustration of high-K coupling in a deformed nucleus, where, in the absence of collective
rotation (R), the total particle angular momentum (J) would precess around the nuclear
symmetry axis. The right portion shows the contrasting scheme of many-particle
alignment in a spherical nucleus.
2.4. K-hindered decays
The decay of high-K intrinsic states is a non-collective process whose rate depends on
the change inK and the transition energy required to connect them to lower-K states. If
the difference in K is larger than the multipole order (λ), the transitions are essentially
forbidden, so that isomers are formed. For configurations in which the particle-particle
interactions are attractive, the corresponding energy depressions can lead to smaller
energy gaps and, therefore, even slower transitions.
The degree of forbiddenness is usually classified in terms of the magnitude of the
hindrance (F ) with respect to single-particle estimates. This hindrance is found to be
strongly correlated with the degree of forbiddenness, ν = ∆K−λ [41, 65] . A further step
commonly taken involves extracting a “reduced” hindrance fν = F
1/ν = (τγ/τW )1/ν ,
where τγ is the partial γ-ray mean-life and τW is the Weisskopf single-particle estimate.
While the expectation that the reduced hindrance should fall within the range fν ∼
30− 300 is regularly used as a “rule-of-thumb” for interpreting assignments and decay
properties, largely based of the early analysis of Lo¨bner [65] which showed that fν ∼ 100
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for a range of ν and λ, many cases fall outside this guideline due to systematic effects
and for specific reasons. It should be borne in mind that for highly forbidden transitions,
small differences in fν correspond to very large differences in F . Furthermore, values of
F exceeding 1011−13 are not uncommon, implying very small K-admixtures.
In the broader context, with the larger body of data accumulated since the
early compilation of Lo¨bner, a more comprehensive analysis has been possible leading
to improved guidelines for extracting reduced hindrances. This essentially involves
factorising the total hindrance into an intrinsic component, such as the factor of 103
or 104 used sometimes arbitrarily for modifying E1 strengths, and a K-forbidden
component, as is discussed elsewhere [41]. The new systematics generally indicate a
significantly lower value of the reduced hindrance than previously adopted [65].
3. Deformed and transitional nuclei with A ≈ 160− 190
In this section, the focus is on the rare-earth deformed region, extending through
refractory elements up to lead. Heavier deformed nuclei are discussed in more detail in
Sect. 5.
3.1. Multi-quasiparticle excitations and common building blocks
Table 1. Example two-quasiparticle excitations in prolate deformed nuclei.
neutron proton
Z ∼ 70− 74 N ∼ 100− 108
6−: 5/2−[512], 7/2+[633]
6+: 5/2−[512], 7/2−[514] 6+: 5/2+[402], 7/2+[404]
8−: 9/2+[624], 7/2−[514] 8−: 9/2−[514], 7/2+[404]
Z ∼ 76 N ∼ 110− 116
10−: 9/2−[505], 11/2+[615]
10+: 9/2+[624], 11/2+[615] 10+: 9/2−[514], 11/2−[505]
12+: 11/2+[615], 13/2+[606]
Z ∼ 102− 108 N ∼ 150− 164
8−: 7/2+[624], 9/2−[734] 8−: 7/2−[514], 9/2+[624]
8−: 7/2+[613], 9/2−[734]
10−: 9/2+[615], 11/2−[725] 10−: 9/2−[505], 11/2+[615]
As stated above, in regions such as Z ∼ 72, N ∼ 104, intrinsic excitations −
the multi-quasiparticle states − compete with collective levels based on lower-energy
intrinsic states of less complexity, and the intrinsic states are often isomers.
For a number of nuclei in the Hf-Ta-W region accessible by fusion-evaporation
reactions, the bandheads and associated rotational states are close enough to the yrast
line for both to be populated. The structures can then be readily characterised, often
because a particular spin and parity for a bandhead is only obtainable from a restricted,
or even unique, combination of orbitals near the Fermi surface; the in-band decay
properties can differentiate between alternative proton and neutron configurations and
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between specific orbitals; and band spacings (alignments) indicate whether component
particles which suffer Coriolis effects are present. This was the rationale behind the
approach and analyses of Ref. [66] aimed at isolating effects such as seniority-dependent
and configuration-dependent pairing, that deduced a step-wise progression towards rigid
rotation caused by blocking.
2577
1867
709.9
Figure 4. Half-life systematics ofKpi = 6+ isomers in the Z = 72 (Hf) isotopes (inset)
and the Kpi = 8− isomers in the N = 106 isotones (adapted from Ref. [41]). Level and
transition energies are given in keV. The 180Hf Kpi = 6+ half-life is from Tandel [68].
The two-particle configurations that recur as the main components of high-K
isomers in the well-deformed regions are listed in table 1. These are combinations of the
high-Ω orbitals that lie near both proton and neutron Fermi surfaces at deformations
of β2 ∼ 0.25. In the hafnium region, for example, alternative pairs of 6
+ and 8−
configurations arise, the lower one of each pair commonly leading to a 6+ and an 8−
isomer. Significant mixing occurs when the intrinsic states from the proton and neutron
alternatives fall close in energy, as is the case for the 8− states in 178Hf. The robust nature
of the 8− excitation also makes it a useful tool as a signature of prolate deformation,
even in nuclei that are not necessarily deformed in their ground states. Figure 4 shows
the energy systematics for the 8− isomers in the N = 106 isotones and 6+ isomers in
the Z = 72 isotopes. It is remarkable that the 8− isomer occurs from the neutron-
rich nuclide 174Er (see Ref. [67]), in all well-deformed isotones up to Os, through the
transitional region (184Pt), into the region of oblate-prolate shape coexistence (186Hg)
and finally in the very neutron-deficient isotope 188Pb. In 186Hg it is a signature of a
prolate sub-minimum in its potential well (the ground state being soft and approximately
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oblate) while in 188Pb, its observation has been taken as evidence for the existence of
a prolate sub-minimum in a nucleus which exhibits triple shape coexistence [69, 70], as
emphasised in the recent review of the shape coexistence phenomenon by Heyde and
Wood [38]. The nature of the configuration is only disturbed in 178Hf, where interaction
occurs with the alternative 8− state from the two-quasiproton configuration, with the
result that the lower experimental state is strongly mixed, being about 64%ν2 + 36%π2
[71, 72, 73]. Despite the apparently stable character of the isomer, its lifetime varies by
seven orders of magnitude from 11 s in 176Yb to 0.8 µs in 188Pb, a result of the increase
in energy of the main E1 branch, and a gradual reduction in the reduced hindrance [74]
in the less deformed nuclei.
3.2. Multi-quasiparticle calculations
The simple form for calculating the energies of multi-quasiparticle states (eqn. 2) needs
to be modified to account for changes in the pairing correlations and the Fermi level
as more and more individual orbitals are blocked. In recent years, a large number of
comparisons with experiment and predictions for neutron-rich cases have been reported
(see for example Ref. [37]) based on fixed deformation models in which each multi-
quasiparticle state is calculated separately, taking into account, self-consistently, the
effect of blocking. The Fermi-level is calculated with fixed proton and neutron pairing
strengths, Gp and Gn, usually taken from the systematics of mass differences, with either
a Nilsson or Woods-Saxon basis for the initial single-particle states. The models detailed
in Refs. [64, 75, 76] differ mainly through the choice of either BCS pairing or the Lipkin-
Nogami method with particle-number projection. An important factor is the inclusion
of spin-spin residual interactions (generalised from those that produce the well-known
Gallagher-Moszkowski splittings [77, 78]) estimated where possible from empirical data.
These are essentially a sum of (signed) proton-proton, proton-neutron and neutron-
neutron splittings. The corrections are significant and can amount to energy shifts of
several hundred keV [76].
The calculations allow one to identify which configurations will lead to relatively
low-lying high-K states. They do not, as indicated earlier, directly predict the decay
properties of isomers. A comparison of the 177Hf predicted intrinsic states with the
observed intrinsic states, together with associated rotational bands, is given in figure
5, on an expanded energy scale, from the work of Mullins et al. [79]. The agreement
in terms of energies is typically within ±150 keV and usually better. The fact that
the 37/2− and 39/2+ states in 177Hf lie nearly one MeV below the collective yrast line,
represented by the 9/2+ and 7/2− rotational bands with relative energies close to zero,
explains their strong population. Note that 177Hf is stable in its ground state and
has been studied at high spin largely by incomplete-fusion reactions, so that the input
angular momentum is limited. Low-lying higher-K states are predicted, such as the
Kpi = 43/2− and 45/2+ seven-quasiparticle states in 177Hf, that are expected to lead to
isomers.
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Figure 5. Energies relative to an arbitrary rigid rotor of observed states and predicted
multi-quasiparticle intrinsic states in 177Hf.
It should be remembered that the experimental situation is ideal when the isomers
are relatively short-lived (T1/2 less than a few microseconds) making it possible to
correlate events above and below the isomeric states. It becomes more challenging when
the state lifetimes exceed the microsecond region, resulting in separated structures that
have to be treated, in terms of identification, as essentially separate nuclei.
While these models assumed fixed deformations, calculations that take into account
the configuration-dependence of the deformation are likely to produce somewhat
different expectations when the nuclei become softer at the deformed perimeter − in
general when N = 116 is approached. In some cases, prolate deformation tends to be
stabilised by the quasiparticle excitations, such as for hafnium [80], but this is unlikely
to always be the situation for transitional nuclei.
It is not surprising that the combination of the two 8− configurations leads to
the very low-lying (π2ν2) four-quasiparticle Kpi = 16+, 31 yr isomer in 178Hf. Both
Kpi = 8−, two-quasiparticle excitations are known in 178Hf and a simple sum of their
energies (1147 and 1479 keV) gives 2626 keV, well below the collective yrast line and
not far above the experimental Kpi = 16+ isomer at 2447 keV. The 179 keV difference
is attributed to residual proton-neutron interactions. This demonstrates that one is
dealing with excitations that are approximately independent, and thus have additive
properties, justification for the validity of a quasiparticle transformation. From the
Nilsson energies, one could anticipate that in the neutron-rich hafnium isotopes, as the
ν2[8−] configuration rises, a low-lying Kpi = 18+ intrinsic state would instead occur,
formed by combining the two-proton Kpi = 8− configuration and the Kpi = 10− neutron
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configuration (table 1) that falls in energy. (Related predictions for the hafnium isotopes
were made decades ago by A˚berg [81] on the basis of a model with schematic pairing.)
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Figure 6. The lowest lying four-quasiparticle isomers in the hafnium (Z = 72) isotopes
(ﬁlled symbols) compared to the predictions (open symbols) of the lowest states
expected from conﬁguration-constrained multi-quasiparticle calculations (adapted
from Ref. [80]). Half-lives of observed four-quasiparticle isomers are given [41].
The more sophisticated multi-quasiparticle calculations such as those reported by
Liu et al. [80] for the very neutron-rich hafnium isotopes (see also Sect. 3.6) allow
for the configuration-dependent deformation changes expected with increasing N . As
figure 6 shows, the two-quasiparticle 8− isomers and the lowest lying four-quasiparticle
isomers, Kpi = 14−, 16+, 12+ and 13+ in 176Hf, 178Hf, 180Hf and 182Hf, respectively,
are reasonably well reproduced, possibly with the exception of the Kpi = 14− case in
176Hf. All of the lowest four-quasiparticle states have two neutrons added to the π2[8−]
core component. The Kpi = 16+, 178Hf case is the lowest-lying, highest-spin case (see
also Refs. [17, 37]). At and beyond N = 112, the situation is less clear, theoretically
because the information on single-particle orbitals is very limited, and experimentally
because current knowledge is confined to the identification of a few long-lived isomers
using storage-ring techniques (see Refs. [82, 83] and Sect. 10.2.5) with little spectroscopic
information. The association between predicted and experimental states in 184Hf and
186Hf (Kpi = 15+ and 17+ possibilities in the former and Kpi = 17+ and 18+ in the
latter) is tenuous. The predicted low-lying Kpi = 18+ state in the N = 116 isotope
188Hf, should lead to a (presumably) long-lived isomer, but this remains to be identified.
It is also interesting to note that 190Hf is calculated to have prolate multi-quasiparticle
isomers, but the ground state is predicted to be oblate [80].
As stated before, it is not possible in any of these cases to predict a specific lifetime,
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since this is critically dependent on the decay energies and which decay paths might be
open. The Kpi = 10− building block involved in 188Hf is a key configuration in higher-Z
nuclei, as are the Kpi = 10+ and 12+ configurations, but these occur in nuclei which
have competing modes of excitation at oblate, prolate and triaxial shapes, as will be
discussed later (see Sect. 3.6).
3.3. Multi-quasiparticle isomers in the mass-180 region
There are now approximately 370 known isomers in the deformed regions, not
including the one-quasiparticle cases in odd-A nuclei or the two-quasiparticle cases
in odd-odd nuclei [41]. Of these 370 cases, approximately 65% have well-established
spins and parities and most have associated rotational bands identified, leading to
firm configuration assignments [41]. As already intimated, these configurations in
neighbouring nuclei − either isotopic or isotonic chains − are usually simply related,
with the qualification that the additional particle might result in either an attractive
or repulsive residual interaction, thus disturbing the superficial relationship between
neighbours. This is more complicated in cases involving the addition of an Ω = 1/2
orbital since that can result in two intrinsic states (with K ± 1/2) initially in close
proximity but significantly split after the interaction.
Figure 7 illustrates multi-quasiparticle isomers in A = 175 isobars. The isobars
range from 175Re (neutron deficient) to 175Tm (neutron rich). The intermediate cases
of 175Ta and 175Lu are omitted for clarity. The central nuclide is 175Hf, which has the
isomer with the (to-date) maximum identified number of quasiparticles (nine) [84, 85].
Initially, the energy spacing varies approximately linearly with spin, reflecting that the
pair-breaking energy dominates. However, it can be seen that the seven- and nine-
quasiaprticle states (K = 45/2 and 57/2, respectively) are increasingly higher in energy
than linear behaviour would suggest. This is because the high-K orbitals near to
the Fermi surface(s) are already singly occupied, and additional quasiparticles come
from further away from the Fermi surface(s). However, this need to occupy orbitals
increasingly distant from the Fermi surface(s) is not necessarily a limiting feature for
the formation of very-high-K isomers, because the collective energies themselves increase
quadratically with spin. The collective and non-collective states are seen to be very close
in energy at high spin in 175Hf. The high-spin limit to K isomerism remains an open
question.
On the neutron-deficient side of 175Hf, illustrated in figure 7 for 175Re, isomerism
is weakened because the multi-quasiparticle energies tend to increase (they become
further from yrast) and the deformation decreases, with both effects leading to shorter
lifetimes. On the neutron-rich side, illustrated for 175Tm, the isomers tend to be formed
at lower energies, and the dominant effect in the apparent loss of isomerism for higher
K values is the experimental difficulty in synthesising and studying the nuclei at high
angular momentum. The corresponding situation in the hafnium isotopic chain, where
particular favouring of high-K isomers is calculated for neutron-rich 188Hf, has been
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Figure 7. Multi-quasiparticle isomers with T1/2 > 1 ns in selected A = 175 isobars:
Z = 75 (rhenium), 72 (hafnium) and 69 (thulium). Some collective yrast states (open
symbols) are also shown (mainly Z = 72 [86]) with connecting lines. The isomer data
are from Ref. [41].
discussed in the previous section. See also Sect. 10 for recent isomer discoveries.
3.4. K-hindrances
Numerous attempts have been made to isolate the factors which (might) govern the
strength of nominally forbidden decays, although the situation is complicated since
more than one factor is usually at play, and the correlations are generally masked when
a broad range of data are included. This can be seen from figure 8(a) which includes
the reduced hindrances for E2 transitions, restricted already to cases with forbiddenness
ν≥4, plotted as a a function of the product of the valence nucleon numbers, NpNn. This
parameter can be taken as a global surrogate for well-localised deformation [87] in an
approach promoted by Walker and collaborators [88, 89, 90, 91, 92]. There is an obvious
trend of increasing fν with NpNn at the upper boundary, but also a large number of
relatively low values. A clearer situation emerges in figure 8(b) which is restricted
to two- and three-quasiparticle cases in the mass-180 region. There is a distinctive
correlation, with significant differences in the actual magnitudes, depending on whether
the decays involve a change in the proton or neutron component of the configuration.
The highest and lowest examples marked correspond to 174Yb at the upper end, and
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Figure 8. Reduced hindrances for a) E2 decays with ν≥4 and in the mass 170-250
region and b) E2 decays with ν≥4 from two- and three-quasiparticle isomers in the
mass 180 region. In b), proton and neutron conﬁguration changes are distinguished by
the symbols indicated (adapted from Ref. [91]).
to the transitional nucleus, 191Os at the lower end. Two “outliers” are marked: the
very low value for 171Tm has been explained as an example of random two-state mixing
between the isomeric intrinsic state and a collective (band) state (see Ref. [93] and the
following discussion); and the high value for 185Ta could be due to its relatively low
excitation energy [91].
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Figure 9. Reduced hindrances for a) E1 decays with ν≥4 in the mass 130-250 region
and b) E1 decays from Kpi = 8− isomers. In b), proton and neutron conﬁguration
changes are distinguished by the symbols indicated.
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Representative E1 decays are given in figure 9. Figure 9(a) is a collection of reduced
hindrances for a broad mass range (including the three main deformed regions) but
including only ν≥4 transitions. Even with this constraint a large variation in fν is
observed, from which it would be difficult to claim a correlation. A clearer dependence
is seen for ν = 7 decays from the Kpi = 8− states, but still with significant variation.
Some of these cases differ in that proton or neutron configuration changes are involved
in the decays, but again, no clear pattern emerges.
The factors which are known to control the hindrances, all related in some way
to K-mixing, were discussed in detail in Ref. [41] and also covered in Ref. [42]. In
outline, they relate to interactions which can induce mixing in either the initial or final
states, or in both. For example, the cases of chance degeneracies between an isomer
and a collective state of the same spin and parity result in very small admixtures that
induce relatively large (collective) transition components. These cases provide a very
sensitive probe of the residual matrix elements and their dependence on the K-difference
[94]. More generally, configuration-dependent rotational mixing occurs through Coriolis
effects in cases involving high-j orbitals, such as the i13/2 neutron. These effects are
amenable to calculation and when corrections are made for the K-mixing, essentially
normal hindrances are extracted in cases that otherwise appear anomalous [74, 94],
including instances where mixing occurs in both initial and final states.
The background to the NpNn dependence discussed earlier is that there will be a
correlation between how large and well-confined the deformation is and the stiffness of
the ground-state (or near ground-state) bands to which the isomers decay. This is largely
a final-state effect and does not necessarily imply a correlation with the properties of
the initial isomeric states. A related but more specific parameter is the ratio of dynamic
and kinematic moments-of-inertia that has been associated with K-mixing in members
of the ground-state bands (see Ref. [95] for example). This provides a strong inverse
correlation with ∆K = 8, E1 reduced hindrance factors [90, 95, 96].
At high level densities, less specific effects occur. High-K states that lie significantly
above the yrast line are likely to reside in a region where even very small interactions
with the dense background of low-K states will lead to an effective dilution of the K-
quantum number. This situation is of significant interest for studies that aim to quantify
the excitation-energy dependence of mixing [97]. Of more general interest is elucidation
of the transition from an ordered to a chaotic quantum system (see [98, 99, 100, 101] for
example) and it is useful to link γ-ray data from discrete-line studies [97] with data from
quasi-continuum studies [101]. However, the connection between the two methodologies
[97, 101] needs further investigation of the different degrees of freedom, including the
choice of transition multipolarities.
The current status from discrete-line spectroscopy is represented by figure 10, with
data from Kondev et al. [41] and spins ranging from 12 ~ (164Er) to 57/2 ~ (175Hf). In
the figure, at least four quasiparticles are reqired for the decaying state. Note that many
of the low-fν data points, that fall below the expected level-density dependence, can be
understood to be affected by Coriolis K-mixing, related to (i13/2)
2 neutron excitations
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Figure 10. Reduced hindrances for E2 and E3 decays with ∆K > 5 from multi-
quasiparticle isomers in even-even and odd-A nuclei, as a function of excitation energy
relative to a rotor with 85% of the full rigid-body moment of inertia, updated from
Walker [102]. At least four quasiparticles are required. For odd-A nuclei, a pairing-gap
energy of 0.9 MeV has been added. The full line represents the expected level-density
dependence [97]. The data are from Kondev et al. [41].
[41, 97]. A leading issue that arises, at least for K-forbidden E2 transitions, is how
to understand the evolution of reduced-hindrance systematics, from NpNn dependence
for two-quasiparticle isomer decays (see figure 8) to excitation-energy dependence for
multi-quasiparticle isomer decays (figure 10). It can be supposed that the blocking
of pairing correlations plays an important role [103] but a theoretical description is
lacking. Furthermore, the treatment of level density has to-date been schematic, and a
microscopic approach, e.g. [104], would be beneficial.
Recent predictions for the presence of very long-lived high-K isomers in
superdeformed nuclei [105] (see also Ref. [106]) offer a distinct experimental challenge
and may shed light on the above problems. Although the states will be very non-yrast,
the lifetimes are predicted to be so long that even with significant mixing, as is bound
to occur, there may be sufficient residual K-hindrance that the intrinsic states are still
isomeric, perhaps in the nanosecond region (see Sect. 5.3). They would then constitute
a highly sensitive experimental probe of the proposed mixing effects.
CONTENTS 24
Table 2. Magnetic dipole and electric quadrupole moments of multi-quasiparticle K
isomers, from Stone [46] unless otherwise indicated.
Nuclide T1/2 K
pi E∗ (keV) µ (µN ) Q (eb) µ Ref. Q Ref.
177Lu 160 d 23/2− 970 +2.32(1) +5.71(5)
173Hf 20 ns 23/2− 1982 +6.6(2)
177Hf 51 min. 37/2− 2740 7.33(9) [110]
178Hf 31 y 16+ 2446 +8.16(4) +6.00(7)
179Hf 25 d 25/2− 1106 7.4(3)
173Ta 132 ns 21/2− 1713 +6.51(16) 6.23(18) [111]
177Ta 5.3 µs 21/2− 1355 +0.080(14)
176W 41 ns 14+ 3747 +6.7(2) 6.0(8)
179W 750 ns 35/2− 3348 +3.9(10) [108]
182Re 82 ns 16− 2256 +3.82(13)
182Os 146 ns 25+ 7050 +10.6(2) 4.2(2)
3.5. Static electromagnetic moments of multi-quasiparticle isomers
Key information about the structure of high-K isomers comes from magnetic dipole
moments in combination with electric quadrupole moments. For example, rotational
bands associated with high-K states yield experimental γ-ray mixing ratios and
branching ratios, from which (based on the rotational model) the quantity (gK−gR)/Q0
may be deduced (see for example Refs. [75, 107]) where gK is the intrinsic gyromagnetic
ratio (g-factor), gR is the rotational g-factor and Q0 is the intrinsic quadrupole moment.
Often, assumptions about the values of gR and Q0 are made, enabling “experimental”
gK values to be determined, and compared with Nilsson model predictions for specific
(multi)-quasiparticle configurations. Even limited precision may be sufficient to
distinguish between competing configurations, leading to this approach being widely
used and of essential value.
Additional insights come from the determination of the static electromagnetic
moments [18] of the isomers themselves. Data for multi-quasiparticle states are
summarised in table 2. In terms of configurations these results have not yielded any
particular surprises. Rather, they have generally confirmed the proposed configurations
or distinguished between different alternatives. The measured state g-factors, however,
are dependent on gK and gR, through the relation
g = gR +
K2
I(I + 1)
(gK − gR).
If the properties of the associated rotational band are also known, and if the quadrupole
moment Q0 is known or can be estimated, an independent value of gR can be obtained.
Since the magnitude of gR will depend on the partition of collective motion between
the proton and neutron fluids (see for example Ref. [66]), which is itself dependent
on the magnitude of the pairing, the extraction of gR as a function of the number
of quasiparticles may provide a useful test of the effect of blocking and the possible
quenching of pairing in multi-quasiparticle states. Measurements in 179W, which allow
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a comparison between related three- and five-quasiparticle states in the same nucleus
[108], suggest that static pairing is quenched with as few as three neutron orbitals
blocked. A similar analysis applied to a range of nuclei has been reported recently
by Stone et al. [109], resulting in the suggestion of a surprisingly strong systematic
behaviour of gR.
By implantation into a (non-cubic) osmium crystal, the electric quadrupole moment
was also obtained [112] for the 182Os 25+ isomer. This is an especially interesting case,
because the 182Os isomer has an anomalously fast decay to the yrast band [113]. The
low quadrupole moment measured is consistent with the theoretically predicted γ-soft
shape [114]. In such a case, fluctuations will break axial symmetry and may thus enhance
the otherwise K-forbidden decay rate, although a quantitative relationship between γ-
asymmetry and K-mixing in such cases is not yet available.
The technique of LEvel Mixing Spectroscopy (LEMS), whereby combined magnetic
and electric fields enable the ratio of the magnetic and electric moments to be
obtained, has been applied [115] to the 35/2− isomer in 179W. Taken together with
the measurement of time-dependent perturbed angular distributions (TDPAD) which
yield the magnetic dipole moment, as discussed above [108], the electric quadrupole
moment can also be deduced [115]. The result reported for the quadrupole moment is
substantially smaller than theoretical evaluations, which do not predict any significant
difference in shape between lower-spin states and the five-quasiparticle isomer. This
difference remains to be understood theoretically, if the experimental result can be
substantiated.
Quadrupole moment measurements are not readily accessible, but for longer half-
lives, of milliseconds or more, laser hyperfine spectroscopy offers a powerful method that
can yield both electromagnetic moments and mean-square charge radii. To date, the
only multi-quasiparticle (seniority greater than three) isomer properties determined by
laser spectroscopy are [116, 117] those of the 16+, 31 yr isomer in 178Hf. This is the
highest-seniority isomer for which both the quadrupole moment and the charge radius
have been determined. The charge radius is also known for the ground state. The
observation that the isomer has a slightly smaller (mean square) charge radius than the
ground state is suggested to be a pairing effect from the blocking of four quasiparticles,
which leads to a lower surface diffuseness, an effect subsequently explored with a number
of theoretical approaches [118, 119]. Further measurements of isomer charge radii may
soon be achieved, if recent experimental advances [120, 121] can be exploited.
3.6. A ∼ 190; transitional nuclei
As the neutron approaches N = 116 and the proton number increases past the sub-shell
gap at Z = 76, the magnitude of the deformation tends to decrease and vibrational
structures fall to lower energies. The N = 116 nuclide 192Os, for example, has the
lowest γ-vibrational state in the region at E(2+γ ) = 489 keV, while the nominally-prolate
ground-state-band 2+ state has risen to 206 keV. The region near N = 116 and Z = 78
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is well-known for a prolate-to-oblate shape transition [122] and potential-energy-surface
calculations with mean-field models (see for example Refs. [123, 124]) have catalogued
expected deformation changes across the region. The theoretical results of Wheldon et
al. [125] predict a prolate but very soft potential minimum for the ground state in 190Os
(see figure 11) with a transition that develops through 192Os and 194Os, in which dual
mimima are seen, connected through a valley in the γ direction, progressing on to a
well-defined oblate minimum in the neutron-rich isotope 196Os.
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Figure 11. Potential energy surfaces for even-even osmium isotopes, 190−196Os,
illustrating the transition between prolate and oblate shapes, from Ref. [125].
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It should be noted that most broad-range calculations relate to the ground states
and thus might not be relevant to multi-quasiparticle isomers, since the preferred
deformation is bound to be sensitive to the population of specific orbitals, and to the
dynamics introduced by rotation. The multi-quasiparticle structures that could lead
to isomers are very likely to have shapes different to those occurring at low seniority.
These configuration-dependent effects are not simple to incorporate in a general theory
and they imply a need for analyses on a case-by-case basis.
In the more tractable cases of axial symmetry, the governing factors that define
the main structures expected at high spin depend largely on the relative positions of
the Fermi surfaces amongst the Nilsson orbitals. The proton Fermi surface is near the
top of the unique-parity h11/2 shell, thus prolate high-spin (high-K) structures are likely
to involve the high-Ω, 11/2−[505] orbital. In contrast, the proximity to the low-Ω,
1/2−[550] orbital at oblate deformation favours rotation-aligned structures, a maximum
of 10~ of angular momentum being available from the complete alignment of a pair of
h11/2 protons. Proton alignment can also occur at prolate deformation by population
of the h9/2 low-Ω orbitals that intrude from above the Z = 82 shell. In the case of the
neutrons, the Fermi level relative to the i13/2 neutron shell is in a position analogous
to that of the protons in the h11/2 shell, resulting in the possibility of high-K prolate
structures, with a maximum of K = 12~ obtained by summing the 11/2+[615] and
13/2+[606] orbital projections, or of oblate rotation-aligned structures with the same
angular momentum (12~) being available from the alignment of a pair of i13/2 neutrons.
The net result will be a competition between different modes and configurations at
prolate and oblate deformation (see Sect. 3.6.1).
Fluctuations or shifts in the triaxial direction mean that the projection is not
well-defined implying that K will not be a “good” quantum number. This is often
stated, but in contrast to rotational effects in well-deformed axially-symmetric nuclei,
the elucidation of K-distributions when γ fluctuations are present is not well developed
quantitatively. One qualitative expectation is that K-hindrances will be diluted, but
this expectation is not necessarily well correlated with the existence of isomers, or with
how long their lifetimes might be.
3.6.1. Isomers and transition strengths in transitional nuclei Experimentally, a
distinct progression is seen in, for example, the W isotopes. Clear rotational structures
are observed in 188W (N = 114) including several two-quasiparticle high-K isomers
[126] while the N = 116 isotope, 190W has an anomalous E4+/E2+ ratio and a long-
lived isomer [127] attributed to the Kpi = 10− two-neutron building block. The long
half-life of 166 µs is now explained as an allowed M2 transition to a Kpi = 8+ state
rather than a K-hindered decay [126]. Unlike the 188W case, because of the long half-
life the associated rotational band for the 10− isomer, which could provide a test of the
proposed configuration, has not been identified, and only a fragment of the 8+ band has
been found [126].
In the Os isotopes, the 10−, two-neutron (prolate) state produces long-lived
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isomers in both 190Os and 192Os, while in 190Os, a Kpi = 7− isomer from the
ν3/2−[512],11/2+[615] prolate Nilsson configuration has been assigned [128, 129].
Notably, in 192Os Jpi = 12+ and 20+ isomers have been identified and characterised
as arising from rotation alignment of the i213/2 neutrons at oblate deformation: the near-
maximal alignment gains result in E2 transitions that are collectively enhanced but
are low in energy [129]. Several high-K prolate isomers are predicted but not, as yet,
observed (see Sect. 3.6.2).
Other isomers occur in the transitional region that arise from effects such as spin-
trapping or rotation alignment. The former is proposed to be the case for the isomers
discovered in the stable iridium isotopes, 191Ir and 193Ir [130]. Each has a long-lived Jpi
= 31/2+ isomer (T1/2 = 5.7 s and 125 µs respectively) that eventually decays into the
triaxial 11/2−[505] one-quasiparticle band. On the basis of K-constrained potential-
energy-surface calculations with a non-axial deformed Woods-Saxon potential similar
to those of Refs. [80, 114], Ref. [130] concluded that the most likely three-quasiparticle
configurations giving rise to these isomers, were triaxial, with γ ∼ 27o and β2 = 0.157 in
191Ir and γ ∼ 14o, β2 = 0.135 in
193Ir, both arising from the h11/2 proton coupled to the
10−, two-neutron core (again one of the building blocks of Sect. 3.1). These states are
forced to decay by high-multipole transitions such as E3 and M3. No other isomeric
states have been identified in these cases, but the experimental situation is complicated
by the long lifetimes that make it difficult to establish feeding transitions or higher-lying
isomers.
Considering K-forbidden decays, there is increasing experimental evidence that
the K-hindrances are reduced in nuclei that are susceptible to γ vibrations [131]. For
example, low fν values that have been observed for decays from states that superficially
resemble K-isomers in the heavier tungsten and osmium isotopes, such as 188W, 190W
and 190,191,192Os, are discussed by Kondev et al. [41]. Note that there are other cases
discussed in the literature where the perceived absence of isomers is taken as evidence
for triaxial effects, but this is less easy to justify or quantify.
3.6.2. Predictions of low-lying high-K intrinsic states The observation in the osmium
isotopes of states associated with oblate deformation and the predicted dynamical effects
due to rotation alignment, together with prolate high-K isomers, is generally in line with
expectations. However, a number of other high-K multi-quasiparticle states at prolate
deformation, specifically associated with the Kpi = 12+ configuration from the i213/2
neutrons, are predicted to be low in energy [129]. It was also shown from configuration-
constrained calculations that in the 191Ir and 193Ir cases, related high-spin intrinsic states
would fall into the region of the observed isomers, and perhaps lie even lower in energy
than the Jpi = 31/2+ states [130]. These are Kpi = 33/2− and 35/2− levels formed from
the 9/2−[514] and 11/2−[505], h11/2 proton orbitals also coupled to the prolate 12
+, i213/2
neutron configuration.
The predicted rapid fall in energy with neutron number is illustrated for the osmium
cases in figure 12. In fact, the potential minima in the osmium cases are not purely
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Figure 12. Predicted multi-quasiparticle states calculated using conﬁguration-
constrained potential-energy surfaces with a Woods-Saxon potential, from Ref. [129].
Each conﬁguration has been independently minimised with respect to β2, γ and β4
deformations.
prolate but have varying amounts of triaxiality. Aside from that factor, as can be seen
from figure 12, the 12+ states are predicted to fall almost linearly, to the extent that in
192Os, and even more so in 194Os, they would lie below any states, intrinsic or collective,
to which they could reasonably decay. Similarly, the related 18+ state produced by
coupling the 3/2−[512] and 9/2−[505] neutrons to the 12+, i213/2 configuration is predicted
to fall in a parallel fashion.
If these and the equivalent levels in the iridium isotopes indeed exist, they should be
strongly populated in deep-inelastic or fragmentation reactions since they would lie well
below the collective yrast line. They would only decay via β− emission and thus be long
lived. Presumably, the isomers would be evidenced by their long-time components in the
population of excited states in the neighbours, although, experimentally, such decays
might not have a simple signature, depending on disposition of levels in the daughters.
This problematic situation leads naturally into a consideration of the prospects for the
identification of such isomers using storage-ring techniques, techniques which do not
rely on the identification of specific decays (see Sect. 10.2.5).
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4. Spherical regions
The main factors that govern the high-spin nuclear structure and the formation of
isomers around the closed shells are the availability of high-j proton and neutron orbitals
and their coupling to vibrational collective modes. Major advances have been made with
large-scale shell models that are now able to carry out unrestricted calculations in the full
fp shell, see for example Ref. [132]. In the heavier nuclei, particle-particle and particle-
hole interactions have been determined over a broad proton and neutron orbital space
(see for example Ref. [133] and references therein). Use of these interactions has resulted
in good reproduction of level schemes for nuclei near the Z = 50 and Z = 82 closed
shells, particularly those involving only a few valence particles. This success encompasses
the treatment of high-spin states when one type of valence particle is involved, such as
the case of proton chains with a closed N = 126 shell [132] as well as situations when
valence protons and neutrons of the same type (all holes or all particles) are active. The
most extensive application (in a formal sense) is the calculation of states in 208Pb itself
by Brown [134], with excitations up to two-particle−two-hole within a 24-orbit model
space. Good reproduction was obtained of both the low-lying energy spectrum and the
distribution of quadrupole and octupole strength, using, of necessity, effective charges.
However, extension to cases where both valence particles and also (particle-hole) core
excitations occur, as is common in the formation of isomers with spins above 20~ in the
trans-lead region, is yet to be achieved [135, 136], hence the continuing reliance on the
semi-empirical shell model (Sect. 4.1.1).
A key factor is the coupling to the 3− octupole vibration near Z = 64 (Sect. 4.2)
but more importantly, near Z = 82 (with the 3− state at 2.615 MeV in 208Pb)
which can be amplified for specific multiparticle configurations (Sect. 4.1.2). Finally,
whether deformation plays a role is a continuing question. This is a natural expectation
given that increasing numbers of particles congregate near the nuclear equator as high
angular momentum states are formed by the mutual alignment of the spins of individual
nucleons. This idea is captured in various versions of the deformed independent particle
model (DIPM) [137, 138, 139, 140, 141] as will be discussed with reference to both the
radon region and the gadolinium region (Sects. 4.1.9 and 4.2, respectively).
As more protons and neutrons are added to the 208Pb core, a transition occurs to
the regime of octupole deformation manifested in the Ra-Th nuclei, where collective
modes dominate and multi-particle isomers are rare [142]. Even before reaching this
region, subtle changes occur in the E2 collectivity of structures that otherwise have
properties that resemble shell-model isomers [143], and in the strength of characteristic
decays such j15/2→g9/2 E3 transitions in the N = 127 isotones [144] which increase,
implying a fall in energy and increase in collectivity of the core 3− vibration. This
proposition is partly supported by the low 3− energy of 1687 keV observed in 216Th
[145].
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4.1. Nuclei near 208Pb
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Figure 13. Relative energies of single-particle orbitals near the 208Pb doubly closed
shell.
The relative energies of single-particle excitations around the doubly-closed 208Pb
core are shown schematically in figure 13. As is the case with deformed nuclei, particular
component configurations regularly occur in the formation of high-spin states and high-
spin isomers. Some of these are listed in table 3, including the important neutron-core
excitations that play a major role at spins above ∼ 20~.
Table 3. Common two-particle excitations in spherical nuclei near Z ∼ 82 and
N ∼ 126.
neutron 12+: ν i−213/2 proton 11
−: π h9/2, i13/2
8+: ν g29/2 8
+: π h29/2
10+: ν g9/2, i11/2 10
+: π h9/2, h11/2
neutron-core excitations
5−: ν p−11/2, g9/2 7
−: ν f−15/2, g9/2
6−:ν p−11/2, i11/2 8
−: ν f−15/2, i11/2
8+: ν p−11/2, j15/2 10
+: ν f−15/2, j15/2
4.1.1. Residual interactions and the empirical shell model (ESM) As was discussed in
Sect. 2.2, the basic case of two identical particles in a single-j shell interacting through
a short-range attractive interaction, such as a δ force or a quadrupole-quadrupole force
[146], leads naturally to isomers. The 0+ state in which the particle angular momenta are
anti-aligned (or more generally, paired) is depressed in energy, and a gradual bunching of
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levels up to the maximum spin of 2j−1 occurs. As well as the small energy gap between
the j and jmax − 2 states, cancellation effects peak at mid-shell and reduce further
the E2 transition rate connecting them. These features persist for more complicated
interactions and for larger numbers of particles.
The ESM approach to calculating spectra that originated with Blomqvist [147]
relies on the fact that, for simple configurations in nuclei near closed shells, the effective
interaction can be extracted from experimental multiplet energies measured relative
to the one-nucleon spectra in adjacent nuclei. These interactions are generally well
understood from the study of two-particle multiplets [148, 149, 150, 151, 152, 153, 154].
The dependence of the interaction on the alignment of the angular momenta can be
viewed semi-classically as a preference for co-planar orbits intended to maximise the
overlap. This overlap of orbitals (which are more confined spatially for higher j) can be
parametrised as a function of the classical angle of relative orientation θ12 between the
individual spins of the two particles:
cosθ12 =
J(J + 1)− j1(j1 + 1)− j2(j2 + 1)
2
√
j1j2(j1 + 1)(j2 + 1)
Typical residual interactions are shown in figure 14. The j2 interaction for like
particles (illustrated for g9/2 neutrons) results in a bunching of levels as they approach
the maximum spin Jmax = 2j − 1 = 8.
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Figure 14. Examples of residual interactions near N ∼ 82 and Z ∼ 126.
The proton-neutron interaction for the πh9/2νi11/2 combination is strongly
attractive, giving an energy gain of nearly 800 keV when the proton and neutron angular
momenta are fully aligned. In contrast the proton−neutron-hole interaction is generally
repulsive if the particle spins are parallel or anti-parallel.
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To reiterate, the energy gain from the residual interaction is maximised between
pairs of particles of the same character: that is, if they are both protons or neutrons, or
both particles or holes. The proton-neutron interaction is also attractive under the same
circumstances. In contrast, the particle-hole interaction is repulsive. Mutual alignment
of the angular momentum vectors of a high-spin particle and a high-spin hole is thus
not favoured. The treatment of many-particle cases requires more complicated angular
momentum recoupling (see Ref. [155] for examples) but the main features are retained.
More subtle dynamical effects lead to the observation in some mercury and lead
nuclei of so-called “shears bands” [156, 157, 158]. These originate essentially from proton
particles coupled to maximum spin, and neutron holes coupled to maximum spin, but
with those two components arranged at the base of the sequence, approximately at right
angles, to compensate for the unfavourable residual interactions. Again, depending on
the decay paths, the bandheads might, or might not, be isomeric. This is the mechanism
proposed in Ref. [159] for the formation of the 32 µs isomer in 189Pb.
4.1.2. Octupole-vibration mixing Coupling of the many-particle configurations to the
octupole vibration is a major factor in the formation of favoured configurations in heavy
nuclei. Octupole correlations become important when there are pairs of single-particle
orbitals near the Fermi surface, which are related by ∆jpi = 3−. Examples are the
i13/2/f7/2 proton orbitals and the j15/2/g9/2 neutron orbitals above the Z = 82 and
N = 126 shell gaps, respectively. As well as contributing to the energy lowering discussed
above, the favoured configurations are often those which are related by a spin/parity
difference of 3−, leading to strong E3 transitions and isomers (because of the high
multipole order) in the formation of the yrast line.
The important point is that such E3 transitions can be used as indicators of
specific configuration changes and relationships. In the first instance, “spin-flip”
transitions corresponding to an orbital change of either νj15/2 → νi11/2 or πi13/2 →
πh9/2, are known as type-B in the categorization of Ref. [160], for which an E3
strength of 3 − 5 W.u. is expected. Type-A transitions are an order of magnitude
stronger, ∼20 W.u. and often larger, and can usually be associated with the νj15/2
→ νg9/2 or πi13/2 → πf7/2 configuration changes. As shown in detail in a number
of publications [161, 162, 163, 164], even larger enhancements are observed due to
constructive interference in cases involving both proton and neutron admixtures and
configuration changes.
This phenomenon turns out to be a dominant factor in the formation of high-spin
isomers in the radon region and implies configuration constraints on both initial and
final states. It should be noted that at the time of the review of de Voigt et al. [36]
this particular aspect was overlooked in the assignment of configurations to high-spin
isomers in the radon region, as will be discussed (Sect. 4.1.8).
4.1.3. Valence configurations: the example of 212Po The level scheme of the nucleus
212Po, which has two neutrons and two protons outside a 208Pb core, provides an
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archetype of the structures expected where there are equal numbers of valence protons
and neutrons. Multiplets up to spin 18 are associated with j2 and π(j21)ν(j1j2)
configurations [165].
Successive alignment of particles leads to energy sequences which roughly follow
inverted parabolas. The first manifestation is an isomer at spin 8, mainly from alignment
of the g29/2 neutrons. Initially it was proposed that the long-lived, α-decaying isomer
in 212Po arose from the 16+ state formed by adding a neutron g29/2 excitation to the
proton h211/2, 8
+ structure. An 18+ alternative has also been suggested arising from the
πh29/2,νi
2
11/2 configuration, but it is estimated to be about 800 keV higher. Instead, the
current consensus favours an 18+ assignment from the addition of the ν[g9/2, i11/2] 10
+
excitation to the 8+ state from the h211/2 protons [165].
This combination of configurations leads to a number of the states above the 8+
isomer. The state of maximum spin, Jpi = 18+, falls lower in energy than a simple
sum of the 8+ and 10+ components because of the strongly attractive proton-neutron
interaction, culminating in the 45 s isomer. Its energy is so low that γ decays to lower
states in 212Po are severely inhibited, forcing the state to α decay. Largely because of this
absence of electromagnetic decays, the isomer is still lacking a definitive experimental
spin assignment. Jpi = 18+ is preferred since if the state had Jpi = 16+, in principle
there would be a decay path to the proposed 14+ state below [165], but this has not been
observed. A weak (36±14 keV) E4 branch to the 14+ state has been observed by Kudo
et al. [166] with a relative total intensity of about 0.07 % compared to the dominant α
branch to 208Pb, with a roughly determined strength about 1 W.u. A similar branch
is seen in the decay of the 25/2+ isomer in 211Po, the main issue in 212Po being the
uncertainty in the transition energy which leads to a large uncertainty in the internal
conversion coefficient and therefore the γ-ray transition strength.
4.1.4. Valence particles for N ≥ 126 and predicted isomers in the N = 128 chain
The nuclei obtained by adding a few particles to 208Pb are both sources of key
residual interactions and important tests of the shell model. However, they also
present experimental challenges, since none is accessible with conventional high-spin
reactions and the likelihood of long-lived isomers can either help or hinder their study.
Complementary but sometimes only incremental advances have been made in this region
using incomplete-fusion reactions for 210Po, 211Po, 212Po and 213At [165, 167, 168, 169],
deep-inelastic reactions for 210Pb, 211Bi and 211Po [169, 170, 171], fusion-evaporation
reactions with radioactive beams such as 8He for 212Po [172], as well as particle-transfer
reactions with oxygen beams [173, 174, 175, 176], which have identified a number of
states in the 211−214Po isotopes including an Jpi = 8+ isomer in 214Po.
As a specific example of the expectations, figure 15 shows the results of calculations
(based on those of Refs. [165, 169, 177]) aimed at predicting the yrast sequence in the
πν2, π2ν2 and π3ν2 nuclei (the N = 128 isotones) 211Bi, 212Po and 213At. In the case
of 212Po, although not yet identified, higher-spin states above the Jpi = 18+ isomer
are predicted to be formed at the yrast line, and therefore should be preferentially
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populated. These are obtained by adding the (high-j) ν[g9/2,i11/2]10+ , ν[g9/2,j15/2]12− and
ν[i11/2,j15/2]13− neutron configurations, to the π[h9/2,i13/2]11− building block (table 3),
giving the Jpi = 21−, 23+, 24+ sequence shown in figure 15. The precise details of
isomeric decays will depend on the transition energies and also on the energies of states
which could intercede and provide a pathway for faster branches. Nevertheless, several
of these states are very likely to be isomers, depending on the decay multipolarities and
configuration changes. The Jpi = 24+ state, for example, would have a fast decay to
the Jpi = 23+ state, but a 23+ → 21−, M2 transition, corresponding to the νj15/2→i11/2
configuration change, would lead to a lifetime of a few ns. More importantly, the decay
from the predicted Jpi = 21− state directly above the Jpi = 18+ state would be via a
moderately enhanced E3 of about 310 keV (a πi13/2→h9/2 type-B E3, see Sect. 4.1.2).
This translates to an expected lifetime of more than 150 µs for the Jpi = 21− yrast
state. Identifying such a long-lived state directly above the very long-lived Jpi = 18+
isomer would present a significant challenge to experiment, but also a possible means of
identification. It should be noted that most γ-ray techniques in current use would fail
to observe such a state.
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Figure 15. Predicted near-yrast states in the N = 128 chain (see Refs. [165, 169, 177]).
Prediction of these specific properties depends on the knowledge and reliability of
the energies of other states, such as the Jpi = 19− level from the π[h9/2,i13/2]11−ν[g
2
9/2]8+
configuration. While it is predicted to lie 230 keV above the Jpi = 21− state, and is
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unlikely to fall below the Jpi = 21− state, if it did, it would provide a much faster decay
path and therefore a shorter-lived state. Further to this point, the typical accuracy and
robustness of the Jpi = 18+ configuration assignment for the 45-s, α-decaying isomer
were discussed by McGoram et al. [168]. They showed from an analysis of the energies of
associated states in 211Po, that a minor modification of the residual interactions would
give a “prediction” of 2937 keV for the Jpi = 18+ isomer in 212Po, essentially reproducing
experiment. Moreover, Ref. [168] identified a Jpi = 43/2+, 4 µs isomer decaying via an
enhanced E3 transition to a Jpi = 37/2− state in 211Po, a pair of states that are related
(by a core excitation and coupling to a p1/2 neutron hole) to the predicted J
pi = 21−
and 18+ states in 212Po . However, the observed energy gap between them was 509 keV,
rather than the 310 keV predicted by the ESM. If a similar discrepancy applied in 212Po,
this would lead to an E3 isomer of a few (rather than several hundred) microseconds.
Returning to the predictions forN = 128 isotones, even the relatively simple nucleus
211Bi has significant experimental uncertainties, as discussed in Refs. [169, 171]. The
major issue is that the predicted low-lying Jpi = 29/2− state (the analogue of the
Jpi = 18+ isomer in 212Po with an h9/2 proton removed) does not seem to correspond to
the observed 1.4 µs state at 1257 keV, whose properties instead suggest a Jpi = 25/2−
assignment. The observed sequence of states above is also consistent with the predicted
set of states (excitation energies and the lack of long lifetimes) decaying eventually to
the Jpi = 25/2− state that arises from the πh9/2νg
2
9/2 configuration. The J
pi = 29/2−
and 25/2− states are calculated to lie within a few keV of each other but there is no
evidence, for example, for a possible 29/2−→25/2−, E2 transition that could occur if
the Jpi = 29/2− state were actually about 100 keV higher, i.e. within the theoretical
uncertainty. To complicate the issue, a (missed) low-lying Jpi = 29/2− state would be
expected to be strongly populated and, in the absence of other decay paths, to either β
decay or α decay, the latter being the case for the Jpi = 18+ isomer in 212Po. Searches
for α decays have not been successful, although their sensitivity will depend on the
initial population and assumed lifetimes. An equivalent Jpi = 18− isomer predicted
from shell-model calculations for the aligned πh9/2ν[g
2
9/2,i11/2] configuration [178] has
recently been observed in 212Bi at 1478(30) keV in storage ring measurements [179].
While electromagnetic decays are not observed in the storage ring and the spin and
parity is assumed, the argument is made that the observed half-life of>30 min. compared
to the value of 7.0(3) min. for a neutral atom implies that substantial internal conversion
would occur when atomic electrons were present. Clearly these two cases are related,
but both require more direct spectroscopic information to resolve what is presently a
significant issue.
The experimental scheme for the three-proton case of 213At is more extensive but
has residual issues because of the likely presence of unobserved low-energy transitions
[169]. Four isomers are established including a proposed Jpi = 49/2+ isomeric state with
a half-life of 45(4) µs placed at about 3161 keV and associated with the predicted state at
3095 keV in figure 15. It decays with an enhanced E3 transition to a Jpi = 43/2− state at
2855 keV [169]. The transition energy of 306 keV should be compared with the predicted
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Table 4. Shape-coexisting two-(quasi)particle states in 188Pb.
Ipi T1/2 E
∗ (keV) conﬁguration shape
8− 1.2 µs 2577 ν9/2+[624], 7/2−[514] high-K prolate
11− 38 ns 2702 π9/2−[505], 13/2+[606] high-K oblate
12+ 136 ns 2710 νi−213/2 spherical
spacing of 216 keV between the states arising from the [πh29/2i13/2,νg9/2i11/2]49/2+ and
[πh29/2f7/2,νg9/2i11/2]43/2− configurations. The E3 decay corresponds to a πi13/2→f7/2
type-A transition with the Jpi = 18+, 212Po core as a spectator.
4.1.5. Isomerism and shape coexistence in the neutron-deficient Pb region The
neutron-deficient lead region, especially in the middle of the N = 82 − 126 shell, is
well known for its manifestation of shape coexistence [38], with examples of competition
between spherical, prolate and oblate shapes in individual nuclei. Archetypical nuclides
include 186Pb [180] and 188Pb [70]. In the former case, the three coexisting 0+ states may
be subject to significant mixing [181]. However, in 188Pb, high-spin isomerism enables
clear differentiation to be made between the competing structures, and subsequent
magnetic moment measurements [182] have provided supporting evidence. Spin, energy,
half-life and configuration details are given in table 4. It is notable that there are
three high-spin, shape-coexisting states in an energy interval of less than 150 keV. (As
discussed in Sect. 3.1, isomers based on the Kpi = 8− prolate configuration have been
identified in all N = 106 even-even isotones, from 188Pb to 174Er. Isomers based on the
Jpi = 12+ spherical configuration are known from 188Pb to 200Pb [44].)
For a comprehensive discussion of this complex and fascinating region of shape
coexistence, the reader is referred to the review of Heyde and Wood [38]. In addition,
the possibility of finding high-K superdeformed isomers in this mass region has recently
been discussed by Shi et al. [105] (see also Sect. 5.3); and a new theoretical description
of shape coexistence, through the use of angular-momentum-conserved potential-energy
surfaces, has been given by Jiao et al. [183], including predictions of high-K oblate
states. A further structural feature associated with this mass region, where isomeric
states can provide useful information, is the generation of angular momentum by the
shears mechanism − see Sect. 4.1.1.
4.1.6. Particle and hole nuclei neighbouring Z = 82 Considering the four two-valence-
particle and hole nuclei in which the high-spin j2 isomers are expected, 206Hg, 206Pb,
210Pb and 210Po, the two-proton-hole case, 206Hg, was the only one for which such
experimental information was missing, largely because of the absence of experimental
techniques to populate high-spin states in neutron-rich nuclei. Observation of the 10+,
92(8) ns isomer [184] then gave an effective charge of 1.60(7) for the h11/2 proton-
hole orbital. Identification of the isomer was possible through the use of deep-inelastic
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reactions and the associated sensitivity available through the isomeric nature of the
state. Recently, several isomers in the four-proton-hole nucleus 204Pt have been identified
in a fragmentation reaction [185]. One of these is tentatively assigned as the analogous
10+ state. It would represent the lowest-Z, N = 126 isotone to have its j2 isomer
identified, although modification of the two-body matrix elements was necessary to
reproduce the observed spectrum of states.
Cases where significant information on isomers has now been obtained leading to
more accurate effective nucleon-nucleon interactions include 203Hg [152], 204Hg [186],
206Hg [184], and 208Hg [187], 204Tl [188], 205Tl [189], and 209Tl [187], 210Pb [171] and
211Pb [190], as well as the πν−3 isotope, 206Bi [191]. The 206Bi scheme extends above
10 MeV and includes two high-lying isomers (Jpi = 31+ and 28−) connected by an
E3 transition of relatively low strength (<0.4 W.u.). Shell-model calculations produce
excellent agreement with the states up to Jpi = 23+ (7.2 MeV), the maximum spin
obtained from the πi13/2,νi
−3
13/2 configuration composed of the aligned valence particles
and holes. The higher states up to the Jpi = 31+ isomer are presumed [191] to involve
either proton or neutron core excitations (or both), but those were not within the scope
of the shell-model calculations reported.
The two-proton-hole, two-neutron-hole nucleus 204Hg [186], includes a proposed
Jpi = 22+ isomer at 7226 keV obtained from the maximum alignment of the high-spin
proton and neutron holes, πh−211/2,νi
−2
13/2, predicted from a shell-model calculation to lie
at 7262 keV. Similar agreement (within ≤ 50 keV) is found for essentially all observed
and predicted states above ∼ 9~. Considering further a very simple approach, the
νi−213/2, J
pi = 12+ state is known at 4027 keV in 206Pb and the two-proton-hole πh−211/2,
Jpi = 10+ state is found at 3723 keV in 206Hg. Combining the experimental energies of
these two states and allowing for the residual interaction of −543 keV predicted for the
fully aligned coupling, leads to an expected energy of 4027 + 3723 − 543 = 7207 keV,
very close to both the observed state and the shell-model calculation (which effectively
incorporates the same interactions).
The lifetime limit of >700 ns for the 921 keV decay to a Jpi = 19− state
corresponds to a relatively slow E3 transition of<2 W.u., consistent with two alternative
configurations for the yrast Jpi = 19− state. Either would involve a j-forbidden E3
corresponding to a πh−111/2→d
−1
3/2 configuration change in one case, or to a νi
−1
13/2→f
−1
5/2
change in the other. These should be compared with the more enhanced E3 transitions
outlined in Sect. 4.1.2 and observed in the radon region (Sect. 4.1.8). Note also that,
in the 204Hg case, the Jpi = 10+ state from the h−211/2 configuration does not compete
with more complicated configurations that involve contributions from both proton and
neutron holes, such as the yrast Jpi = 11− state.
4.1.7. Neutron-rich Hg and Pb cases In pioneering work carried out over a decade
ago, Pfu¨tzner et al. [192] identified an isomer with T1/2 = 5 µs in
212Pb, four neutrons
beyond the stable isotope, 208Pb, demonstrating the potential of fragmentation reactions
for populating heavy neutron-rich nuclei (see Sect. 10.2.1). The isomer was tentatively
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associated with the expected seniority isomer from the neutron g29/2 configuration, but
a detailed scheme was not established. Recently, Gottardo et al. [193] have used similar
reactions to revisit the case of 212Pb and to identify isomers in the more neutron-
rich, even-even isotopes, 214−216Pb. They do not, however, identify the low-energy E2
transitions that connect the proposed Jmax and Jmax − 2 states of the multiplet. This
is a recurring challenge in the spectroscopy of heavy nuclei where internal conversion
dominates over γ decay at low energies. Nevertheless, within these current limitations,
the results have been used as a test of shell-model interactions with increasing neutron
number at Z = 82, leading to a claim of evidence for the influence of three-body forces,
based on the absolute value and neutron-number dependence of the effective charge.
This is re-iterated in the recent study by the same authors of the (proposed) 8+ isomeric
state in the neutron-rich isotone 210Hg [194].
4.1.8. Multiparticle core-excited isomers: 212Rn and the radon region With four
valence protons, the maximum angular momentum that can be obtained at reasonably
low energies in the radon nuclei is Jpi = 20+ from the π[h29/2, i
2
13/2] configuration. (The
π[h9/2, i
3
13/2]21− configuration is not competitive in energy.) Neutrons can be promoted
out of the core so as to gain angular momentum by populating the high-j orbitals
above the neutron Fermi surface, the energy cost being partly offset by the strong
residual proton-neutron interactions. In 212Rn, for example, states with higher spin
can be formed by combining the valence protons and neutron-core excitations into the
g9/2, i11/2, and j15/2 orbitals (see table 3). The lowest of these are likely to involve
coupling of the low-lying π[h39/2, i13/2]17− and π[h
2
9/2, i
2
13/2]20+ components to double
neutron-core excitations, with two p1/2 holes coupled to zero, such as [p
−2
1/2, g9/2, i11/2]10+
and [p−21/2, j
2
15/2]14+ giving states with J ≤ 34~. Beyond, triple neutron-core excitations
also become competitive,with the maximum spins available from energetically favoured
configurations being about 40~. This spin and energy region has been probed in the
most recent studies [195, 196], which include the highest-spin isomers so far identified.
Much of this programme of study began with the discovery of high-spin isomers in
the N = 126 isotope 212Rn [197, 198]. At that time, the energy of the 8+→6+ transition
was uncertain, but it was later measured as 54.2 keV by Stuchbery et al. [199]. A Jpi
= 22+ isomer was originally placed by Horn et al. [197] at an energy of 6167.3+∆ keV,
and assumed to connect to the Jpi = 20+ state obtained from the alignment of spins of
the valence protons by an unobserved low-energy transition, partly on the basis of ESM
calculations that predicted high-spin core-excited isomers to intercede in this region of
the yrast line. The Jpi = 22+ isomer was itself populated through a cascade of isomers
with Jpi = 25−, 27− and 30+. In the recent comprehensive measurements of Ref. [196],
an extension of the study which identified a Jpi = 33− isomer feeding the 30+ state via
an enhanced E3 transition [163], the original assumptions of Refs. [197, 198] have been
vindicated, with the definition (through the energies of new crossover transitions) of the
gap ∆ = 7.6 keV. The level scheme was also extended to excitation energies above 13
MeV, including six new isomers, the highest with Jpi = (38+) at 12.547 MeV, arising
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from triple neutron-core excitations.
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Figure 16. Partial level schemes for the radon neighbours in the core-excited region,
with half-lives, measured E3 strengths and g-factors.
Figure 16 shows partial schemes of the main yrast states in the region of core
excitations in 210Rn124,
211Rn125 and
212Rn126. Most of the yrast states are isomers, but
the striking feature is the presence of strongly enhanced E3 transitions connecting pairs
of states, such as the Jpi = 30+ and 27− levels in 212Rn, and the Jpi = 63/2− and 57/2+
levels in 211Rn. Whatever the structure of each of the upper states, the state to which
each decays must therefore be closely related. Their measured g-factors are relatively
low and approximately given by g ≈ (1.1Jpi − 0.1Jν)/J , consistent with core-excited
configurations where about 40% of the angular momentum is provided by the high-spin
neutron populated by the core excitation.
A compilation of the properties of high-spin isomers decaying by E3 transitions in
the At, Rn and Fr isotopes was reported some years ago in Ref. [200] and compared
with the predictions of the Multiple Octupole Coupling (MOPC) model, with good
overall agreement for the 15 cases known at that time. This agreement with experiment
included excitation energies, E3 strengths and g-factors, the last of which are largely
controlled by the number of protons and neutrons in the configuration.
The background to the understanding that has been reached can be gleaned from
the approximate wave-function configurations assigned to the 33−→30+→27− sequence
in 212Rn that includes a mixed configuration for the intermediate 30+ state:
33− : π[h29/2, i
2
13/2]20+ ν[p
−2
1/2, i11/2, j15/2]13− ;
30+ : α{π[h29/2, i
2
13/2]20+ ν[p
−2
1/2, g9/2, i11/2]10+}+ β{π[h
3
9/2, i13/2]17− ν[p
−2
1/2, i11/2, j15/2]13−};
27− : π[h39/2, i13/2]17− ν[p
−2
1/2, g9/2, i11/2]10+ .
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The 33−→30+ E3 transition can proceed by either the j15/2→g9/2 (type-A)
transition to the first component of the Jpi = 30+ state wave function, or by i13/2→h9/2
(type-B) transition to the second, with the possibility of constructive interference
[162, 163, 196]. The 30+→27− decay is similar, with two interfering components.
A similar scenario applies to the decay of numerous high-spin isomers with
related configurations that have been discovered in this region, including the astatine
isotopes [151, 169, 201, 202], other radon isotopes [203, 204] and the francium isotopes
[205, 206, 207].
4.1.9. DIPM model of 212Rn The DIPM calculations of Andersson et al. [139] used
the Strutinsky method and the modified harmonic oscillator potential to predict states
(specifically yrast traps) up to 30~ in 212Rn. In order to match the spherical single-
particle levels for the i13/2 proton and j15/2 neutron, they adjusted the parameters
given by Nilsson et al. [208] to displace those levels through a reduction of the Nilsson
parameter µ, hence the label of displaced modified oscillator, or DMO. Pairing was
not included. The calculations of Matsuyanagi et al. [141] were similar in approach
but included blocked BCS pairing and a deformed axially-symmetric Woods-Saxon
potential. The energies of some orbitals were again shifted to match spherical cases.
The deformation was determined for each configuration. As well as analyzing yrast
isomers up to spin 30~ to compare with the experimental states known at the time,
they also predicted a Jpi = 35− yrast trap. Applications to 212Rn and 213Rn using
essentially the same approach were also reported in Ref. [209].
More extensive calculations for 212Rn have been reported recently [196]. These
use the configuration-constrained approach (see [80, 114]) with a non-axial Woods-
Saxon potential, universal parameters [210], and the Lund convention for specifying
the deformation [137]. For most configurations the minimum is found to be close to γ =
60o corresponding to oblate deformation, and no deformed solution was found for cases
involving only valence protons, such as the Jpi = 17− and 20+ yrast states. In common
with earlier calculations, the magnitude of predicted deformation is generally |β| ≤ 0.10,
even when extended to configurations involving triple neutron-core excitations.
As outlined earlier, the historical development of the understanding of the structure
of high-spin isomers in 212Rn initially involved a shell-model perspective and then models
incorporating (oblate) deformation. While there were common assignments for many
configurations, different configurations were suggested for a number of the key states.
At the time of the review of de Voigt et al. [36] the multiparticle configurations based on
the predictions of the DIPM were mostly in agreement with each other, and generally
accepted, although there remained some differences between the results.
However, a number of those assignments were questioned, both before that review
and after (see for example Refs. [162, 163, 211]) since they were incompatible with the
experimental feature of enhanced E3 transitions between states such as the Jpi = 30+
and 27− pair in 212Rn.
In 212Rn, for example, the DIPM and DMO assignments for the Jpi = 30+ and 27−
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Figure 17. Equilibrium quadrupole deformations for 212Rn from the DIPM model,
from Ref. [196]. (Note that all have small values of β4 and γ ≈ 60
o.) The arrows
mark states that have a common Jpi = 18− proton component as discussed in the text.
Note also that the calculations use the Lund convention, hence for γ = 60o, the β2
parameter is of opposite sign to β or ǫ2 in the other DIPM calculations discussed in
the text.
states in 212Rn were associated with the configurations:
30+ : π[h29/2, f7/2, i13/2]18− ν[p
−2
1/2, g9/2, j15/2]12− ; β ∼ −0.095 (ǫ2 = −0.10);
27− : π[h39/2, i13/2]17− ν[p
−2
1/2, g9/2, i11/2]10+ ; β ∼ −0.070 (ǫ2 = −0.08).
From simple angular-momentum coupling restrictions and given the number of
orbital changes required, an E3 transitions between such configurations are essentially
forbidden. The problem is compounded since an enhanced 33−→30+ transition is also
observed, as discussed in the previous section, and cannot be explained by DIPM
configurations. Similar arguments apply to the 69/2+→63/2−→57/2+ sequence in 211Rn
[163].
While the deformation energy in the DIPM accounts for a considerable portion
of the shell-model interaction, it is not precisely equivalent, the difference being
configuration dependent. (A direct comparison of deformation energy and residual
interactions for the configuration proposed for the Jpi = 30+ isomer in 212Rn is given
in Ref. [155].) Andersson et al. [139] showed that inclusion of the deformation in their
DMO model dramatically improved the comparison between theory and experiment,
compared to a pure “spherical” case. However, this improvement in energy should not
be taken to imply that deformation is a necessary component, and it can be misleading
if the configuration assignments disagree with other experimental properties.
A second problem which confronts the DIPM interpretation is the small quadrupole
moment measured for the Jpi = 63/2− isomer in 211Rn [203]. Its magnitude can
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be explained by the mixed shell-model configurations, without requiring significant
deformation [203]. A similar conclusion was reached [205, 206] from the measurement
of the quadrupole moments in the francium isotopes, which have related configurations,
although, in contrast, general agreement is obtained with MOPC shell-model
calculations. The theoretical analysis of Sagawa and Arima [212], for a number of
high-spin isomers in the lead region, also concurs.
It should be noted that while the magnitude of the deformation predicted by the
calculations becomes larger as more neutron core excitations occur, it remains in the
region of β ≤ 0.10. The trend can be seen in figure 17, where several states are marked
with arrows: each contains the 18− proton component discussed above which seems
to be artificially low in the DIPM calculations, confusing the assignments when only
energies are considered [196].
4.1.10. Multi-particle isomers and blocking As multiparticle states become more
complex with the addition of more particles, the E3 strengths that are characteristic
of specific configuration changes are likely to be modified. Self-consistency becomes an
issue since components of the underlying octupole vibration may be blocked, resulting in
additional effects on the coupling and the lifetimes. This is illustrated in figure 18 with
the chain of isomers observed in the range of astatine isotopes 210−213At [151, 201, 202].
The lower strength of the transition in 212At corresponding to the proton i13/2→f7/2
transition was attributed by Byrne et al. to the additional i11/2 neutron [202], and a
similarly low strength is observed in 213At [169]. To make further progress with such
studies, however, developments in theory which incorporate the octupole vibration in a
microscopic rather than an ad hoc fashion, and that can treat neutron-core excitations,
will be necessary.
4.2. Nuclei near 146Gd
High-spin isomers are known to dominate the yrast structure of many nuclei in the region
near 146Gd, where spherical shape is stabilised by the N = 82 shell gap combined with
the Z = 64 sub-shell closure. The properties of nuclei in this region were reviewed by
de Voigt et al. [36], but since then many new isomers have been observed in nuclei near
N=81–85 and Z=60–71, in parallel with studies in the radon region. The implementation
of recoil mass separators in conjunction with heavy-ion fusion-evaporation reactions has
allowed a number of long-lived states in proton-rich nuclei to be identified, including
isomers in proton-unbound nuclei at the drip line, as discussed in Sect. 10.1.1.
Particularly impressive is the extensive work carried out on the N = 83 isotones,
where a suite low-, medium- and high-spin isomers, formed by coupling of proton h11/2
and neutron f7/2, h9/2 and i13/2 orbitals above the shell gaps at Z = 64 and N = 82,
were identified, as summarized in figure 19. Because of the proximity of ∆j = 3,
∆l = 3 orbitals near the proton (πh11/2↔πd5/2) and neutron (νi13/2↔νf7/2) Fermi
surfaces, octupole excitations are also important in this region. This is manifested by
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Figure 18. Related isomers in the At isotopes, their mean lives and their E3 decay
strengths. The lower part of the ﬁgure shows the dominant initial and ﬁnal state
conﬁgurations.
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Figure 19. Systematics of isomers in the N = 83 isotones. The data are from the
review of de Voigt at al. [36] together with new results for 154Lu [216], 153Yb [217],
152Tm [218, 219], 151Er [220, 221, 222, 223, 224], 150Ho [219, 225], 149Dy [224, 226, 227],
148Tb [228], 147Gd [229, 230], 146Eu [231, 232], 145Sm [233, 234, 235, 236, 237],
144Pm [238] and 143Nd [239].
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Figure 20. Predicted deformations of multi-particle states in 147Gd [239] compared
with the deformations extracted from measurements of quadrupole moments [242].
the observed enhanced E3 strength of 35–40 W.u. in decays of the Jpi = 13/2+ isomers,
which are associated with an admixture of the νf7/2⊗3
− and νi13/2 configurations.
Similarly, the Jpi = 11− isomers in the odd-odd nuclei are assigned the [πh11/2
νf7/2]9−⊗3
− configuration. Calculations using the deformation independent particle
model (DIPM) [213] and diabatic potential energy surface model (DPES) [214, 215]
predict that the N=83 isomers have related multi-particle structure. For example, in
the medium-spin regime, the Jpi = 27/2− and 17+ isomers are assigned the π[h211/2]10+
νf7/2 and π[h
3
11/2]27/2− νf7/2 configurations, respectively.
Much of the progress in recent years was in the high-spin domain, where the fully-
aligned Jpi = 49/2+, π[h211/2]10+ ν[f7/2, h9/2, i13/2]29/2+ and J
pi = 27+, π[d−15/2, h
2
11/2]25/2+
ν[f7/2, h9/2, i13/2]29/2+ configurations are predicted to be yrast, and associated with the
observed isomers. Magnetic-moment measurements in 149Dy [227] and 147Gd [240]
provided direct experimental evidence regarding such an interpretation. Remarkably,
both DIPM and DPES predict a sudden shape change at Jpi = 49/2+, where the
yrast states are associated with larger oblate deformation of β2∼–0.20, compared to
the nearly spherical (weakly oblate) shape of the lower-spin structures. An example of
the evolution of deformation as a function of angular momentum in 147Gd is shown in
figure 20. The measured negative sign for the quadrupole moments for the Jpi = 13/2+,
27/2− and 49/2+ isomers in 147Gd [241] and the corresponding values of |Q|=0.73(7),
1.26(8) and 3.24(18) b [242] provide direct evidence for such a phenomenon. A similar
shape-isomerism interpretation was also invoked in the cases of 143Nd [239, 243],
145Sm [233, 234] and 149Dy [226]. Furthermore, Odahara et al. [243] argued that the
E1 and E2 decays from the Jpi = 49/2+ isomers in 143Nd and 147Gd, respectively, are
more hindered, and this was attributed to differences in deformation between the isomer
CONTENTS 46
and the final state. It was also noted in Ref. [226] that the observed similar excitation
energies of the Jpi = 49/2+ and 27+ isomers in the N=83 isotones, is indicative of the
disappearance of the Z=64 sub-shell closure at high spin. The strength of the pairing
correlations was also suggested to be surprisingly strong in such high-spin states [215],
despite several proton and neutron orbitals being blocked.
5. Deformed nuclei with A > 190: extreme shapes, fission and K hindrance
In the case of a wave function where the intrinsic and deformation components are
separable,
< ψf |T|ψi >=< χf |T|χi > ⊗ < βf |βi >,
and if there is a significant difference between the mean deformations βi and βf
associated within nuclear-potential sub-minima, there could be limited overlap and
therefore retarded transitions connecting them, possibly leading to isomers. In practice,
such wave functions have a finite extent so that very large differences in deformation
with a minimum of fluctuations and a significant barrier would be necessary to cause
hindrances at the level of those caused by K-forbiddenness, for example. Hence,
manifestations in terms of observable lifetimes have been been relatively limited
and elusive, the main exception to date being that of fission isomers. These are
superdeformed states that are relatively stable at low spin, but also can be formed
initially at low spin and low excitation energy, with very limited decay paths.
Stimulated partly by the discovery of high-spin superdeformation in non-fissile
nuclei (see for example Ref. [244]) extensive theoretical efforts that now span a
broad range of the periodic table, have been made in the last two decades, aimed
at understanding both high-spin decays and fission. These have included non-fissile
regions, typically using Hartree-Fock BCS or Strutinsky approaches, with and without
full explorations over the (β, γ) deformation plane [245, 246, 247, 248] with a number
focussing on important details of the generator-coordinate methods [249, 250, 251].
There are numerous studies of fissile nuclei (for example Refs. [252, 253] and a
comprehensive work using the Gogny force that extends into the superheavy region
of the nobelium isotopes [254]). It includes enumeration of two-quasiparticle states
in both normal and superdeformed wells. Although Ref. [255] previously concluded
that fission isomers were unlikely in superheavy nuclei because a second well would be
unstable, Delaroche et al. [254] do obtain superdeformed solutions in their study that
might become the ground states, although there is significant sensitivity to the treatment
of the outer barrier in this and other models. As well, the possibility of superdeformed
states in oblate rather than prolate superheavy nuclei (Z ≥ 120), with longer-lived
high-K isomers, has been raised [256, 257]. Although it is difficult to predict specific
decay rates, such a development may open new horizons for the observable limits of
the nuclear landscape. Not unexpectedly, the influence of octupole and higher-order
shape degrees of freedom will be important for isomers in transuranic nuclei [258, 259].
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Finally, an extensive study with the macroscopic-microscopic model was also reported
recently by Mo¨ller et al. [260, 261], covering in detail a large part of the known, and
unknown, periodic table.
It should be noted that in the event that such deformed states occur at very low
energies, one would be faced with a situation analogous to that of very long-lived
superheavy nuclei, where the absence of decay modes could hamper their discovery.
In this context, while the results have been greeted with some skepticism, Marinov
and colleagues (see for example Refs. [262, 263, 264, 265, 266]) have reported long-lived
activities from both induced radioactivity and abundances of rare isotopes in nature that
they attribute to the existence of very long-lived isomers produced in secondary minima
(superderformed) and tertiary minima (hyperdeformed) in nuclear species ranging from
the tungsten region, thorium and other heavy isotopes, and also in superheavy nuclei.
5.1. Second-well fission isomers
The pioneering studies in the 1960s of Polikhanov and collaborators [267] led, over
the ensuing years, to the unfolding of the “superdeformed” regime in nuclei with
92 ≤ Z ≤ 97 [268, 269, 270, 271, 272, 273, 274]. For these atomic numbers, the
repulsion between the protons is approximately balanced by the liquid-drop surface
tension, leading to an enhanced role for shell effects, whereby a superdeformed shell
gap provides a second minimum in the potential-energy surface. With highly elongated
shapes, the superdeformed nuclei are susceptible to fission, enabling detection techniques
to be applied with sensitivity to isomeric lifetimes down to a few picoseconds.
In more recent years, a rich spectroscopy of rotations and vibrations has been
revealed in the superdeformed second well [273, 274]. Nevertheless, the early indications
of two-quasiparticle high-K isomers in the second well of the even-even plutonium and
curium isotopes [269, 270] have not been followed up by detailed spectroscopy. It is not
known if they fission directly, or if they decay by γ-ray and conversion-electron emission
to the corresponding second-well ground state, and then fission. This aspect remains a
challenge for the future. However, despite the limited information, it is clear [270, 275]
that excited states (presumably of high-K) in the second well can have substantially
longer half-lives than their corresponding second-well minima. This extra stability
apparently caused by the K quantum number may have more general significance as the
limits to nuclear binding are approached, such as in superheavy nuclei (see Sect. 5.4).
Theoretically, the macroscopic-microscopic shell-correction approach has been very
successful in explaining the basic features of fission isomers [269, 270], with improved
modelling in recent years [276, 277, 278]. As discussed in Sect. 5.4, the extended half-
lives of the supposed high-K, second-well isomers can be understood qualitatively with
the help of configuration-constrained, potential-energy-surface calculations [275], but
more work is required on this aspect.
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5.2. Superdeformed bandheads
Despite the large difference in shape between states in the superdeformed well compared
to the normal states, there are no clear examples in high-spin studies of heavy
nuclei where decays between the wells are sufficiently inhibited to result in isomerism.
Apparently the mixing between the superdeformed states and the much higher density
of states of normal deformation results in substantial tunnelling through the potential
barrier between the deformations. The result is that at spins ∼ 10~, the γ-ray cascade
down the sequence of superdeformed states producing the “picket-fence” of regularly
spaced transitions which identify the superdeformed bands, is funnelled out before the
bandhead (presumably an excited 0+ state in the even-even cases) is reached. While
this is partly a consequence of the method of population (proceeding from high spin
and high excitation energy) rotation is believed to be a key factor in stabilizing the
very deformed configurations in non-fissile nuclei [279], hence differentiated low-lying
0+ states might not exist. There may be exceptions to this, for example in the mercury
isotopes where the superdeformed bands lie at relatively low energies. Whether such
a 0+ bandhead would have a significant lifetime depends on the available decay paths
and transition energies. The most likely would be E1 decays to negative-parity states
which (because of octupole vibrations) often lie at low energies. Also important would
be E0 decay to the ground state, which could be used as a probe of the difference
in deformation [38, 280]. Identification of the low-spin states has been attempted by
populating through β decay (see for example Ref. [281]) but has not been successful.
5.3. High-K isomers in superdeformed nuclei
There remains the possibility that high-K states within the superdeformed well would
have additional decay constraints because of lower mixing that could reduce the
tunnelling effects and even lead to the existence of high-K isomers. The large
deformation can be taken to imply well-defined K, but that is still likely to be
eroded by mixing because of the high excitation energies. The hope would be to use
time correlations to identify very weak paths (given that population of superdeformed
structures is already low). This becomes an experimental challenge since such states
obviously become more difficult to identify if they are very short lived.
In this context, recent predictions for the presence of very long-lived, high-K
isomers in superdeformed nuclei [105] offer an interesting possibility in the sense that
the lifetimes are predicted to be so long, that even with significant mixing there may be
sufficient residual K-hindrance that the intrinsic states are still isomeric, perhaps in the
nanosecond region. The reduction in lifetime itself would constitute a highly sensitive
probe of the mixing. Such mixing is also of more general interest in the elucidation of
the transition from an ordered to a chaotic quantum system in hot rotating nuclei, that
can, in principle, be probed through the study of isomers (see Refs. [98, 99, 100, 101]
for example, and also Sect. 3.4).
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5.4. High-K isomers in superheavy nuclei
Compared to the lighter deformed regions, the transuranic region is relatively difficult to
study. This is due to the combination of a lack of suitable beam and target combinations,
together with strong fission competition in the entrance channel and in the decay
of compound nuclei following fusion reactions. Nevertheless, following on the early
discovery of K isomers in 250Fm and 254No by Ghiorso et al . [282], there have been
notable advances in studying long-lived states in superheavy nuclei during the past ten
years (see for example Refs. [283, 284, 285, 286, 287, 288] and references therein).
There are several strong motivations for these studies. One is that the identification
and characterisation of multi-quasiparticle isomers can be used to constrain the
parameters that define the nuclear mean-field and thus improve the reliability of
predictions in a region controlled critically by small shell effects.
Competing mean-field theories can produce very different sequences of intrinsic
states near the neutron and proton Fermi surfaces. However, very limited firm
experimental spectroscopic information is available on the one-quasiparticle spectrum
for nuclei with Z>100. The situation is complicated because of the difficulty in
producing these nuclei under conditions suitable for spectroscopy, and also because of
the combination of relatively high level densities near the ground state and the likelihood
of very low-energy transitions proceeding by internal conversion. Study of high-K
states in the even-even nuclei offers the prospect of being somewhat more tractable
since both in-band collective transitions and transitions connecting intrinsic states may
well be of higher energy, while the favoured states are likely to involve the important
configurations close to the Fermi surfaces, albeit as combinations of orbitals rather than
in isolation. The other critical component that, in principle, can be directly extracted
from experiment, is the pairing strength.
The main focus to date has been on 254No with the identification of two- and four-
quasiparticle isomers [96, 289, 290, 291]. While the results partly fulfill the promise
outlined above, by indirectly constraining the position of the π1/2−[521] orbital, which
arises from the spherical 2f5/2 orbital above the Z = 114 shell gap, they also underline
the problem of the ambiguities that arise when competing configurations give rise
to states with the same quantum numbers. In the case of the Kpi = 3+ state, the
properties (in-band branching ratios) of the associated rotational band can distinguish
between alternative two-neutron or two-proton possibilities, leading to a two-proton,
π1/2−[521],7/2−[514] configuration assignment.
A similar situation arises with Kpi = 8− states which can be formed
by the π7/2−[514],9/2+[624] configuration, or either of the ν7/2+[624],9/2−[734]
and ν7/2+[613],9/2−[734] configurations. While in 250Fm [292] and 252No [293]
measurements of the properties of the rotational band based on each Kpi = 8− isomer
have allowed a distinction to be made between the alternative configurations, with
ν7/2+[624],9/2−[734] being favoured in both cases, in 254No the detailed assignments
are disputed. Furthermore, definitive characterisation of the configuration of the four-
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quasiparticle, T1/2 ≈ 184 µs isomer and its decay path has been elusive, with both K
pi
= 16+ and 14+ being proposed. The former case, as suggested in Refs. [96, 289], would
correspond to the sum of proton and neutron Kpi = 8− configurations, in analogy with
the Kpi = 16+ isomer in 178Hf, but its precise excitation energy and decay properties,
as well as which of the two ν[8−] alternatives is involved, have not been established.
The suggested Kpi = 14+ assignment in Ref. [290] is also not firm. A cascade of
somewhat shorter-lived isomers has also been reported in the heavier N=152 isotone
256Rf [294, 295, 296], but the available spectroscopic information is too scarce to be able
to make meaningful assignments.
While most of the information on decays from multi-quasiparticle transuranic
isomers is from even-even nuclei, the γ-ray decay of three-quasiparticle isomers has
been observed in odd-N 253No [297, 298, 299] and 257Rf [296, 300, 301], and in odd-
Z 255Lr [302, 303, 304]. However, the proposed decay schemes and corresponding
spin/parity and configuration assignments are very tentative. Furthermore, there seem
to be inconsistencies in the E1 decay strengths and the decay pattern for the proposed
Kpi = 21/2+ assignment of the isomer in 257Rf [296].
5.4.1. Predictions for Z = 100 − 110 In this context, predictions based on multi-
quasiparticle calculations for the nobelium and rutherfordium chain of even-even
isotopes using the Woods-Saxon potential are informative [305, 306]. For example, the
calculations of Kondev et al. [305] give comparable results for both chains, with three
Kpi = 8− alternatives lying in close proximity, as well as a single Kpi = 14+ state, and two
Kpi = 16+ states, with different neutron-number dependencies. In fact, the configuration
of the lower Kpi = 16+ state is expected to change between 252No and 254No. The various
alternatives contribute to the difficulty in making clear associations, particularly when
the experimental information is limited, as it has been to date. The significant role of
β6 deformation is well established [307, 308] and it has been emphasised recently by Liu
et al. [306, 309]. Relativistic Hartree-Bogoliubov calculations aimed at investigating
the role of the deformed shell gap at N = 162 and its influence on two-quasiparticle
excitation energies have recently been reported by Prassa et al. [310].
The multi-quasiparticle calculations predict that the Kpi = 16+ state is particularly
low in energy at N = 150 in the Z = 102 and 104 sequences, close to 2 MeV, as
seen in Figure 21. Thus, 252No and 254Rf may have very long-lived four-quasiparticle
isomers that have not been observed yet experimentally. Similar predictions have been
made by Liu et al. [309], including an even more extreme case in 270Ds, where a low-
lying Kpi = 20+ state could be produced by a combination of favoured Kpi = 10−,
two-quasineutron and two-quasiproton building blocks. Candidates for the Kpi = 10−
components are known experimentally [311, 312, 313], but whether states as high as Kpi
= 20+ could be formed experimentally remains to be seen.
Kondev et al. [305] have suggested that the 254Rf case may be of particular interest
in terms of evaluating the contention that K-isomers could be more stable than their
corresponding ground states, since identification of such a state and quantification
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Figure 21. Predicted two- and four-quasiparticle states in No and Rf isotopes,
adapted from Ref. [305].
of its decay properties would allow comparison with the ground state which decays
predominantly by spontaneous fission. Indeed, a four-quasiparticle isomer has now
been identified in 254Rf, with a half-life that is ten times longer than the ground state
[314]. This issue of isomer vs. ground-state stability, especially at the limits of nuclear
binding, is another motivating aspect that emerged recently [315] for pursuing studies
in this region. A few cases have been found where longer-lived, excited states occur.
The nuclide 270Ds, for example, has a two-quasiparticle, high-K isomer with a half-life
of 4 ms that is considerably longer than its 200 µs ground state [311, 312, 313]. Another
case is 250No, where an isomer has a 40 µs half-life, compared to its 4 µs ground state
[316]. The decay modes are α decay in 270Ds (ground state and isomer) and fission in
250No.
In addition to early theoretical studies [317, 318, 319], new calculations have
recently been carried out for the uranium, plutonium and californium isotopes [275] and
specifically for the Kpi = 6+ and 7− isomers in 250No and 256Fm, respectively [320]. The
contention is that specific configurations could have relatively higher and wider (one-
dimensional) potential barriers to fission, implying longer fission lifetimes. However,
these studies do not yet include the fission dynamics (though see Refs. [321, 322]), which
are likely to be crucial given the known complex dependence on shape and the fact that
the process involves quantum tunnelling. Furthermore, the experimental information
on fission widths of the known excited states is limited [41].
Alpha emission is one of the most common decay modes for superheavy nuclei that
primarily limits their survival and (perhaps) discovery. In the presence of α-decaying
high-spin isomers, as in the case of 270Ds, for example, the strongest (favoured) decay
is expected to proceed via an excited state in the daughter nucleus that has the same
spin/parity and configuration. The direct α transition to the ground state would be
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severely hindered, as quantified recently by Delion et al. [323], leading to, among other
issues, ambiguity in experimental assignments. It has also been shown by Rissanen et
al. [324] that reduced pairing in the multi-quasiparticle states can affect the α-decay
half-life.
5.4.2. K-hindrance in superheavy nuclei Transition strengths are an important
consideration in spin/parity and configuration assignments for high-K states,
particularly for transitions that are nominally K-forbidden. Unfortunately, in this
region, there are only a limited number of cases where the spectroscopy is firmly
established. Nevertheless, the trend, to the extent that it can be considered reliable, is
that the reduced hindrances seem to be larger than in the lighter deformed regions, as
reported in a recent review [41]. For example, in 254No, the long half-life of 266(10) ms for
the Kpi = 8− isomer corresponds to a very large reduced hindrance of fν = 831 for the 53
keV, E1 transition connecting it to the Ipi = 7+ state of the Kpi = 3+ band. This could
be interpreted as evidence for a large configuration change, which would be consistent
with either of the two-quasineutron or two-quasiproton configurations proposed for the
Kpi = 8− isomer, as discussed earlier, or it could imply a mis-assignment. As it stands,
this strength falls at the extreme upper end of the known values for E1 transitions [41].
In comparison, the highly K-forbidden (∆K = 8, ν = 7) E1 decays from Kpi = 8−
isomers in 246Cm, 250Fm and 252,254No are also large (fν ≈ 200) and in line with the
systematic dependence as a function of the ratio of the dynamic and kinematic moments
of inertia (see figure 5 of Ref. [96]). This parameter can be interpreted as a surrogate for
the deformation and rotational properties, specifically those of the Ipi = 8+, Kpi = 0+
ground-state-band member to which the E1 decay proceeds, as discussed in Ref. [41]
and Sect. 3.4. Relatively large hindrances for E2 transitions, such as the fν = 326 value
for the 244Cm, Kpi = 6+ isomer decay, are also consistent with the expectation of well-
localised, axially symmetric, deformation. In comparison with similarly K-forbidden
E2 decays from two- and three-quasiparticle isomers in the A ≈ 180 region [41, 325],
only the decay of the Kpi = 6+ isomer in 174Yb has a larger E2 reduced hindrance of
fν = 340 [326].
A different aspect of K isomers in very heavy nuclei is the extent to which they
might yield observables related to the octupole degree of freedom, which is already well
established for some low-K structures [142]. In particular, it has been suggested that
the magnetic dipole moments of isomers can be sensitive to static octupole deformation
[258], and potential-energy-surface calculations [259] indicate that the Kpi = 6− isomer
of 234U is especially promising in this regard.
6. Isomer targets
Where isomeric states are sufficiently long lived (years or greater) it is possible to use
them for reaction studies, though target purity is likely to be a limiting factor. Even
with the “stable” isomer of 180Ta (T1/2 > 10
16 yr [327]) the natural abundance of 0.01%
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compared to 181Ta limits enrichment to the few percent level. Nevertheless, key photo-
excitation and Coulomb excitation measurements have been possible [29, 30, 328] (see
also Sect. 8). Another accessible target is the 141 yr isomer of 242Am, where remarkable
purity (98%) was obtained for Coulomb excitation studies [329].
Although approaching the limits for target production, the 31 yr isomer of 178Hf
has received particular attention on account of its high spin (16 ~) and excitation energy
(2.4 MeV). In addition to photo-activation and photo-destruction (see Sect. 8) it has
been possible to study inelastic deuteron scattering [330], two-neutron transfer [331]
and neutron capture [332] reactions. Furthermore, inelastic neutron acceleration has
been identified with a 178Hf isomer target [333], as well as from a 177Lu isomer target
(T1/2 = 160 days) [334, 335], building on earlier reports, e.g. with a
180Hf isomer target
(T1/2 = 5.5 hours) [336].
Despite these successes, the half-life limitation in the production of isomer targets
severely limits the range of experimental possibilities. However, the availability of
radioactive beams now opens up a range of new opportunities, as discussed in the
following sections.
7. Isomer beams
Rykaczewski et al. [337] pointed out early possibilities with isomeric beams produced in
fragmentation, and recently Walker [338] has also discussed the use of isomeric beams for
nuclear structure studies and other applications, including the issues of beam purification
and decay rates (see also Sect. 10.4). In another approach, Ishii et al. [339] have
demonstrated the development of beams of isomeric projectile-like fragments from deep-
inelastic reactions, for studing the products themselves. Other interesting prospects
reside with producing high-spin isomers in relatively heavy nuclei (either with fusion-
evaporation or deep-inelastic reactions) and using these as samples for (self) excitation
or even as beams to instigate secondary reactions. Coulomb excitation of a K-isomer
in 174Hf (T1/2 = 2.4 µs) produced as a secondary beam was demonstrated by Morikawa
et al. [340], giving access to matrix elements and structures that cannot be reached
directly from the ground states of such nuclei. Gono et al. have pursued a number of
approaches [341, 342] producing beams of Jpi = 27+, 144Pm (T1/2 = 2.7 µs) and 49/2
+,
145Sm (T1/2 = 1 µs) for example, while in Ref. [343] the reaction mechanism was studied
using 145mSm as a beam to instigate (12C,xn) reactions, thus reaching an entry region
not normally accessible with conventional reactions.
Direct studies of fusion and the consequences of using exotic isomeric beams
represent a likely productive direction for the future. The sensitivity of fusion between
heavy nuclei at energies near the Coulomb barrier to the structure of both target and
projectile [344], and the fact that very low cross sections can be measured if the product
nuclei are detected, rather than by using indirect studies with γ-rays, for example, make
this approach attractive. Significant cross-section differences will arise using a projectile
(or target) of something like the 178Hf isomer, whose large angular momentum of
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Kpi = 16+ would dramatically skew the input l-distributions compared to normal beams.
Furthermore, Butt et al. [345] have demonstrated that fission angular distributions
following fusion are very sensitive to the input angular momentum, providing another
probe of the reaction mechanism. These predictions could be tested equally well with
other isomers such as the K = 15 state in 184Hf identified in storage-ring measurements
[82, 83]. See also Sect. 8.4.
8. Energy traps, induced deexcitation, lasers and astrophysics
Every radionuclide stores energy, and the gradual release of that energy can, in principle,
be used to power external devices, as is the case for the thermoelectric supplies common
in space-craft that exploit the “heat” from the α decay of 238Pu. However, in general, the
natural half-life will limit the applications since the energy is released at a pre-defined
and probably unsuitable rate. Isomers may offer a path to future applications if this rate
can be modified and/or controlled. Indeed, the potential to use relatively low-energy
electromagnetic interactions, ideally photons from a laser or electrons in a plasma, to
stimulate the release of the isomer’s energy has attracted considerable attention (see for
example Refs. [17, 19, 20, 21, 22, 23, 346, 347, 348, 349]). For illustration, a partial level
scheme for 129Sb is shown in figure 22 (see also Sect. 8.4).
Various schemes are envisaged. In the case of the T1/2 = 31 yr, 2.4 MeV isomer of
178Hf, for example, spontaneous decay directly to the ground state does not occur, but
if a transition from the isomer to a higher-lying, “intermediate” or “gateway” state
could be stimulated, then decay could proceed to the ground state, bypassing the
isomer and releasing the stored energy. One problem for the 178Hf isomer is that a
suitable intermediate state has not been identified, so the required stimulation energy is
unknown. This contrasts with 129Sb (figure 22) where a 10 keV, E2 excitation from the
isomer would be appropriate. However, the short half-life (18 min.) of the 129Sb isomer
means that macroscopic quantities cannot be produced for experimental study.
8.1. 180Ta
Attempts were made to demonstrate energy release in the laboratory from the 75 keV,
Kpi = 9− isomer in 180Ta, whose natural half-life is more than 1016 yr [327], in contrast
to the short half-life (8.2 hours) of the ground state. Although early results were
controversial, definitive photo-destruction of this isomer has been achieved with photon
energies as low as 1 MeV [29, 30]. While that energy is much greater than the 75 keV of
the isomer itself, so there is no real gain, this at least establishes the principle of isomer
photo-destruction with energies well below the neutron binding energy.
Belic et al. [29, 30] in fact identified a series of strong resonances in the photo-
activation yield, associated presumably with individual (or perhaps groups) of specific
states in 180Ta. Candidates for such states have been proposed [31] but searches for
the γ-ray branches, predicted on the basis of an analysis of the large resonance cross
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Figure 22. Partial level scheme for 129Sb, illustrating the 18 min. isomer and a possible
E2, 10 keV transition (up-pointing arrow, in red) that would enable its deexcitation
via the 732 keV transition from the 1861 keV, 2.2 µs isomer.
sections, have yet to be identified [32]. This interpretation [31] also suggests that the E1
strengths involved are much larger than might be expected on the basis of the normal
rates and the nominal K-changes. (For example, Ref. [350] postulates that octupole
effects might need to be invoked.) The existence and character of states that could
explain the large yields thus remains a significant issue for the understanding of both
the process and the underlying nuclear structure. The “sister” nuclide 176Lu will be
discussed below in the context of stellar environments.
8.2. 178Hf
Given the imperative (in applications) of producing a significant energy gain, it is not
surprising that the the 2.447 MeV, T1/2 = 31 yr, K
pi = 16+ isomer of 178Hf has been
intensively studied. As well as the high excitation energy implying high energy storage,
an attraction of highly excited isomeric states is, at least superficially, because the high
energy increases the likelihood of other short-lived states with similar quantum numbers
falling in the immediate vicinity. States that could be connected by E1 photons in the
eV region might provide a path for excitation using lasers, while a high density of states
of the same spin and parity (but different K) would lead to statistical K-mixing which
could again provide an accessible pathway for deexcitation. However, the reason for the
long lifetime of the 178Hf isomer is because it is very yrast, that is, it lies well below
other states of the similar spin, nullifying this argument.
Although positive indications for the destruction of the 178Hf isomer using <100
keV photons were reported over a decade ago [351] and continued (see for example
Ref. [352]), other measurements have established very low cross-section limits [353, 354]
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which effectively refute the earlier claims.
In parallel with such direct measurements, nuclear structure calculations have
suggested that γ deformation could play an important role in the photo-destruction
of the 178Hf isomer because it would result in K-mixing near the yrast line [355].
Furthermore, Coulomb excitation studies of 178Hf leading indirectly to the isomer from
the Kpi = 0+ ground state have identified significant (and unexpected) mixing in a
variety of low-K bands as well as evidence for an aligned near-yrast band providing
possible paths for the (nominally forbidden) excitation of high-K states [356, 357, 358].
While these are positive, if somewhat imprecise, aspects, a factor weighing against
the possibility of successful low-energy photo-destruction of the 178Hf isomer is the lack,
to date, of a suitable higher-lying intermediate state. Indeed, this may be a general
problem for high-K isomers in deformed nuclei. If large changes in the K quantum
number are involved, it can be argued [179] that intermediate-K states are unlikely
to have the necessary properties since the stimulating transition needs to have a large
matrix element. A significant change in K implies either a high-multipole allowed
transition or a low-multipole K-forbidden transition and also a substantial change
in intrinsic structure, all of which would imply slow transitions. In a specific case,
Karpeshin et al. [359] consider resonance conversion and the possibility of exciting via
an M2 transition to the Kpi = 14−, 68 µs isomer, 126 keV above Kpi = 16+ isomer.
8.3. NEEC and NEET
In the consideration of low-energy mechanisms for isomer de-population, the coupling
to atomic electrons seems especially promising. The principal processes are nuclear
excitation by electronic transition (NEET), which was first identified in 197Au as an
excitation from the nuclear ground state [360], and nuclear excitation by free electron
capture (NEEC), which is the inverse of electron conversion, but is a process yet to be
observed. Both NEEC and NEET require appropriately matched atomic-shell vacancies,
which can occur in plasmas [361] and energetic ion beams [22].
Several papers tabulate isomers that are potentially suitable for experimental
investigation with plasmas [22, 362, 363], where the basic requirement is a small energy
difference between the isomer and the intermediate state. A good candidate for further
study is the 2.4 MeV, T1/2 = 7 hr, J
pi = 21/2+ isomer of the spherical nuclide 93Mo
[22, 361] that has a structurally related Jpi = 17/2+ state only 5 keV above the isomer.
[364]. According to the usual seniority-isomer structure, the 17/2+ state would have
slightly lower energy than the 21/2+ state, with the possibility of E2 decay from the
21/2+ state. However, residual proton-neutron interactions lead to the 17/2+ state being
at higher energy. The 21/2+ state is then forced to decay by E4 radiation to the 13/2+
state, resulting in the long lifetime. Furthermore, induced excitation to the 17/2+ state
is calculated to have a large matrix element of 3.5 W.u. [364]. Similar situations exist
in other near-spherical nuclei, including the 212Bi (18−) [179] and 212Po (18+) [165, 172]
isomers, although in each of these cases the energy of a specific (calculated) intermediate
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state is not known experimentally.
Recently, a detailed theoretical evaluation has been given of the prospects for
secondary (resonant) nuclear photoexcitation exploiting intense X-ray free-electron
lasers [365], for the specific case of 93Mo mentioned above. The claim is made that
secondary processes in the plasma result in an increase by orders of magnitude over
direct laser-nucleus excitation.
8.4. Radioactive beams
From the point of view of the experimental investigation of isomer photo-depopulation,
the 180Ta and 178Hf isomers are favourable due to their long half-lives and the consequent
ability to make isomer targets, albeit with low purity. However, with the advent of
intense radioisotope beams, the half-life constraint is now much less severe, at least for
the investigation of the physical mechanisms of photo-depopulation, although probably
not with respect to the eventual aim for an energy-storage device. While not applied
to a heavy nucleus, a milestone in this regard has been the ISOL production, laser
separation, re-acceleration and Coulomb depopulation of the Jpi = 6−, T1/2 = 4 min
isomer of 68Cu [366]. See also Sect. 10.4.
Isomers that are potentially suitable for further study have been detailed by other
authors [22, 346, 362, 363], but only for half-lives greater than 20 min. In table 5 we
list isomers with half-lives in the range 20 s to 20 min., with the additional requirement
that the excitation energy should be greater than 1 MeV. The latter restriction means
that significant energy release can be expected while the minimum half-life of 20 s is
appropriate for storage-ring measurements.
The heavy nuclei (A > 180) in the table do not have known intermediate states that
are good candidates for photo-excitation. However, the spherical nuclei (A > 200) are
expected to have such states, since the long half-lives are due to the absence of available
E2 decays, with the corresponding states having been pushed above the isomer energy
by residual interactions. These are therefore attractive for future study. An additional
experimental consideration is the need to distinguish the normal (spontaneous) decay
γ rays from induced deexcitation γ rays. While at least one of the induced γ decays
would anyway have a unique energy (i.e. the decay from the intermediate state) there
could be an additional advantage if the isomer itself has little or no IT decay. This is
true for several cases, notably 52Fe and 130Sn, where the isomers β decay, and 211,212Po,
where the isomers predominantly α decay.
A novel measurement envisaged exploits the planned installation of the low-energy
CRY RING at GSI, fed by beams from the Experimental Storage Ring (ESR) [368].
At this facility it will be possible to slow down bare isomeric ions, such as those of the
species just mentioned, to energies well below the Coulomb barrier. If these ions were
then implanted into a solid, the immediate capture of a large number of electrons would
give the possibility of exciting the isomer by NEEC and NEET processes, releasing the
isomer energy through a cascade of γ rays. At least one of the γ rays would be unique to
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Table 5. Isomers with 20 s < T1/2 < 20 min and E
∗ > 1 MeV. Data are from
Ref. [44] unless otherwise indicated. In addition to the half-life, spin-parity assignment
(mostly tentative) and isomer excitation energy, the additional energy needed to reach
a possible intermediate state is given, together with the multipole character of that
transition, and the isomer decay mode (α decay, β decay or internal transition).
Nuclide T1/2 I
pi E∗ (keV) ∆E (keV) σλa) decay mode Ref.
52Fe 46 s 12+ 6958 424 E2 β
53Fe 2.5 m 19/2− 3040 422 E2 IT
129Sb 18 m 19/2− 1851 10 E2 IT
130Sn 1.7 m 7− 1947 138 E2 β
184Hf 48 s 8− 1272 − − β + IT [83]
184Hf 12 m b) 15+ 2477 − − β [83]
186Hf >20 s b) 17+ 2968 − − [83]
187Ta 22 s b) 15+ 1793 − − β + IT [83]
187Ta >5 m b) 41/2+ 2933 − − β + IT [83]
190Os 10 m 10− 1705 − − IT
206Tl 3.7 m 12− 2643 − (E2) IT
211Po 25 s 25/2+ 1462 − (E2) α
212Po 45 s 18+ 2923 − (E2) α
212Bi 7 m 18− 1478 − (E2) β + IT [179]
213Bi >168 s b) 25/2− 1353 − (E2) IT [367]
215Bi 37 s 25/2− 1348 − (E2) β + IT
a Parentheses indicate that a low-energy E2 transition is expected from shell-model
considerations.
b The quoted half-life is for highly charged ions in a storage ring.
the induced depopulation pathway, thus providing a signature for the nuclear excitation
together with information about depopulation probabilities. One such candidate [368]
is the T1/2 = 18 min., 1851 keV isomer of
129Sb, whose level structure is illustrated in
figure 22.
8.5. Isomers and nucleosynthesis
A related issue is the effective lifetime and production/survival of isomers in
astrophysical environments, where there is Maxwellian population of excited states
and where the photon flux can both excite and de-excite isomers [26, 27, 369]. The
photo-destruction of 180mTa, discussed above, has been of particular interest given
the challenge of explaining its extremely low but finite natural abundance on Earth
[29, 30, 31, 34, 370, 371, 372, 373].
Its sister odd-odd isotope 176Lu, produced in the slow neutron-capture process (s-
process) exhibits a complementary structure. It has a very long-lived Kpi = 7− ground
state, and a relatively short-lived Kpi = 0−, Jpi = 1−, β-decaying isomer at 123 keV. The
states are formed by the parallel and anti-parallel coupling of the same pair of proton
and neutron orbitals. The β-decaying isomer will be more strongly populated than the
ground state by neutron capture in stellar environments [374] as shown in the laboratory
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through the use of a quasi-Maxwellian neutron beam that mimics a temperature of
kT = 25 keV. Furthermore, photo-excitation via higher-lying intermediate-K states
provides a dual pathway (7−→0− or 0−→7−) which can depopulate or populate the
long-lived ground state. Together with the initial neutron-capture rates, these factors
affect the production rates of 176Lu and its hafnium daughter [33, 371, 375, 35]. Evidence
from nuclear spectroscopy for the existence of intermediate states which could play a
role in this process is still fragmentary and a consensus has not been reached (see for
example Ref. [33]). Laboratory experiments on photo-destruction of the quality of those
available for 180Ta have yet to be reported.
Another interesting example in the same mass region is the very long-lived
(T1/2=2.0×10
5 years) Kpi=8+ isomer in the odd-odd 186Re nuclide, which can influence
the 187Re-187Os rapid neutron-capture process (r-process) cosmo-chronometer proposed
by Clayton [376]. Still little is known about the structure of the 186Re isomer and the
excited states above it, which are needed to improve predictions of the various production
and destruction cross sections of the isomer. While recent activation studies [377]
indicated that the isomer may be of lesser importance to the 187Re-187Os clock, the
results depend sensitively on the half-life of the isomer, which is not yet well established.
For neutron-rich nuclides produced in r-process nucleosynthesis, detailed properties
of β−- and β−n -decaying isomers are needed for various network calculations [369, 378,
379]. It is worth noting that important information relevant to the r-process has already
been obtained from isomer spectroscopy, see for example Refs. [380, 381, 382]. With
the development of the new rare-isotope beam facilities and improved experimental
techniques, the discovery of neutron-decaying isomers [90] could also be within reach in
the foreseeable future.
9. Isomers for medicine
Radioisotopes are widely used in medicine for imaging and therapeutic applications [25,
24, 383]. Isomers are particularly suitable for Single Photon Emission Computer
Tomography (SPECT) imaging, where a single and relatively low-energy γ ray is
emitted. The most used SPECT isomer is 99mTc (T1/2 = 6 hours) which decays via
a 142 keV γ ray that can be easily detected with high efficiency. Other isomers that are
used in medical applications are shown in table 6. Longer-lived isomers, such as 193mPt
and 195mPt, for example, are used in cancer treatments. Because of the high multipole
order of the depopulating transitions, most of the decays occur via internal conversion,
with subsequent cascade emission of Auger electrons that can be used to kill various
cancer cells. Many of the known isomers have relatively short half-lives, which preclude
their direct use in medical applications. However, there are cases where decays (mostly
β−, β+ or EC) of a longer-lived parent nuclide can populate the isomer via the so-called
generator scheme. A number of such generator pairs that involve isomer decays are
included in table 6. There are also a few cases where the isomer decays by positron
emission and is suitable for Positron Emission Tomography (PET) imaging, with the
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Table 6. Isomers commonly used in medical applications. Data are from Ref. [44].
Generator/Nuclide T1/2 E
∗ (keV) decay mode Application
34mCl 31.99 m 146.360 β+ PET
52Fe/52mMn 8.275 h/21.1 m 377.749 EC/β+ PET
80mBr 4.4205 h 85.843 IT Auger
81Rb/81mKr 4.572 h/13.10 s 190.64 EC/β+/IT SPECT;PET
82mRb 6.472 h 69.0 β+ PET
94mTc 52.0 m 76.0 β+ PET
99Mo/99mTc 65.976 h/6.0067 h 142.6832 β−/IT SPECT
103Pd/103mRh 16.991 d/56.114 m 39.753 EC/ IT Auger
113Sn/113mIn 115.09 d/1.6579 h 391.699 EC/IT SPECT; Auger
115mIn 4.486 h 336.244 IT SPECT
117mSn 14.0 d 314.58 IT SPECT;Auger
167Tm/167mEr 9.25 d/2.269 s 207.801 EC/ IT SPECT;Auger
178Ta/178mHf 2.36 h/4.0 s 1147.416 EC/ IT SPECT; Auger
193mPt 4.33 d 149.78 IT Auger
195mPt 4.01 d 259.30 IT Auger
191Os/191mIr 14.99 d/4.899 s 171.29 IT SPECT;Auger
most notable cases being 34mCl and 52mMn.
10. Key experimental developments
For nuclear structure investigations, the continuing challenge is to produce and
characterise exotic nuclei that, in general, are not accessible with conventional reactions.
Selected aspects of this challenge are discussed in the following sections.
10.1. Neutron-deficient and very heavy nuclei
10.1.1. Recoil-decay tagging and related techniques As stated earlier, identification of
the transitions feeding isomers is important for their characterization, but for some
of the new techniques this is often impractical because of the large fluxes of prompt
radiation produced at the targets, particularly in high-energy collisions.
An important historical development was that of the “recoil shadowing” technique
where the forward momentum of reaction products enables them to fly out of the target,
and detectors of isomeric radiations can then be shielded from the direct emissions from
the target position. This was instrumental in the discovery of many fission [269, 270] and
high-spin, γ-ray decaying isomers [36, 384], including the nine-quasiparticle K-isomer
in 175Hf [84].
For heavy-ion induced reactions, the high forward momentum enables in-flight
selection techniques to be applied [385, 386] and in some cases A and Z identifications
can be achieved on an ion-by-ion basis. The above approach made use of recoil-
separation devices with several metres flight part and flight times that are significant
fractions of a microsecond (at least). Thus, half-lives of hundreds of nanoseconds and
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longer are typically required for the isomeric states, in order for these to be detected.
The recoil separators themselves (for fusion-evaporation reaction products) fall into
two broad categories: vacuum separators and gas-filled separators [385, 387]. The
former can give the best mass resolution for individual charge states, while charge
averaging in the latter leads to a poorer mass resolution, but greater efficiency. After
passing through the separator, the reaction residues are typically implanted into highly-
segmented (pixelated) silicon detectors, located in the focal plane of the separator, and
are correlated in space (within a single pixel) and time with the subsequent proton,
conversion electron, α-particle and/or fission decays. This allows decay properties of
the stopped recoils to be studied in a reduced-background environment and to achieve
an unprecedented sensitivity. Gamma rays emitted in the decay of isomers can also
be detected at the focal plane using high-resolution germanium detectors. By the
same token, the observation of prompt radiations from the target can be correlated
in time with physically separated decay radiations, and this is referred to as recoil-
decay tagging (RDT) [388, 389]. The upper limit on the prompt-delayed correlation
times depends on the counting rates, and for delayed proton and α-particle decays, for
example, correlations over many seconds have been observed.
The RDT technique is the essential tool for studying properties of isomers in
neutron-deficient nuclei, where proton and α-particle emissions are the main decay
modes. A wealth of such studies were carried out in the last decade by coupling mass
separators with the large γ-ray arrays, such as GAMMASPHERE at ANL (USA)
and JUROSPHERE and JUROGAM at the University of Jyva¨skyla¨ (Finland). For
proton-emitting nuclei at the drip line, RDT studies were carried out mainly for low-
seniority isomers [386], with a notable example being the observation of rotational bands
above the Ipi=7/2− ground state and the Ipi=1/2+ isomer in 141Ho [390]. Many RDT
studies for neutron-deficient nuclei in the Z = 70 − 88 region were performed using
α-decay tagging. For example, the observed structures above the πh11/2 isomers in
odd-Z Re, Ir and Au isotopes [391, 392, 393, 394] and the νi13/2 isomers in odd-N Pt
and Hg nuclei [395, 396, 397, 398, 399, 400] allowed not only characterization of the
structure of the isomers, but also revealed a unique interplay between competing shape-
coexisting structures. Prompt radiations were also established above the α-decaying,
multi-quasiparticle isomers in 151Lu [401], 155Lu [402], 156Hf [403] and 158Ta [403, 404],
whose structures are similar to those known in the Z ∼ 64 and N ∼ 82 region, as
discussed in Sect. 4.2.
Initially, fission tagging was applied in studies of superdeformed isomers in the
second well, where a key milestone was the observation of conversion electrons from
rotational states above the 4 ns, 240Pu fission isomer [271, 405]. Recent studies by
means of α-decay and fission tagging were instrumental in discovering excited structures
in very heavy nuclei [285, 286, 288]. Of particular importance to isomer research was
the technique proposed by Jones [406], where correlations are established between the
α-particle or fission decaying ground state and conversion electrons (CE) produced in
the decay path of a long-lived isomer. This approach allowed the discovery of many
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isomers in very heavy nuclei in the trans-fermium region [285, 286, 288]. When there
is a cascade of isomers, CE tagging at the focal plane of the mass separator can also
be implemented, as demonstrated in the discovery of the four-quasiparticle isomer in
254No [96, 289, 290, 291] and the suite of isomers in 256Rf [294, 295]. In addition, using the
conventional RDT method, CE can be correlated with the in-beam γ rays emitted at the
target position. Rotational band structures above the Kpi = 8− isomers in 250Fm [292]
and 252No [293] were identified using this approach, which provided valuable information
about the possible configurations.
Of special interest for isomer studies is the correlation of prompt γ rays from the
target with delayed γ rays from the stopper, first used by Cullen et al. [407] to identify
rotational states above the 6 µs, Kpi = 8− isomer of 138Gd. Since the recoil-ion properties
do not in themselves enable an isomer to be distinguished from its corresponding ground
state (unless injected into a storage ring − see Sect. 10.2.5) the ability to correlate with
uniquely specific decay energies is of particular value. The application of the technique
to delayed β decays has proved more problematical, due to the continuous nature of the
β-decay energy spectrum, though there has been some success [408, 409] including the
first identification of excited states in 78Y.
For shorter half-lives, it may be preferable to have a target that is sufficiently thick
to stop the reaction products, and use pulsed-beam techniques to help select the isomeric
radiations.
10.2. Neutron-rich nuclei
10.2.1. Relativistic projectile fragmentation Fragmentation of heavy beams at
relativistic energies (approaching 1 GeV/nucleon) combined with advanced magnetic
separators has been shown to be very effective in the production and identification of
neutron-rich isotopes of heavy nuclei and the identification of at least medium-spin
isomers in many of them [337]. The reaction properties have been quantified in terms
of the key factors that govern their utility, such as the cross sections as a function of
separation from the incident beam [192, 410, 411] and angular-momentum input/high-
spin population [410, 412]. The very high velocities mean that fully stripped ions of
even the heaviest nuclei predominate, and thus unambiguous Z and A identification
[192] is possible.
These techniques have been used successfully to identify states in a range of
relatively heavy nuclei, including, for example, the seniority isomers in the neutron-rich
lead isotopes discussed earlier [193] extending the original study of Pfu¨tzner et al. [192],
high-spin states and isomers in the tungsten-osmium region [413, 414], and discoveries in
many other nuclei in the mass 190-200 region (see for example Refs. [415, 416, 417, 418]).
The early studies were somewhat limited in terms of the extent of firm spectroscopic
information, although the situation continues to develop with the incorporation of
more powerful γ-ray detections systems such as used in the RISING campaign [419].
Figure 23 is an example of the reach of these reactions for populating neutron-rich
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Figure 23. Isomers studied with projectile fragmentation, from Steer et al. [416]. The
red solid line indicates the region explored with several settings of the FRS.
nuclei, resulting in the discovery of numerous isomers [416]. Studies of the high-spin
population in terms of isomeric ratios indicate more favouring of higher-spins than
expected [412, 420], reaching spins of ≤ 55/2 ~.
RIKEN is currently provding the highest-intensity projectile fragmentation and
fission products, with many new isomers being discovered [421], although the lower beam
energies (for example, 345 MeV/nucleon 238U) favour lower-Z values for unambiguous
identifications. Following the incorporation of RISING germanium detectors as part of
the EURICA collaboration, it has been possible to identify isomers in the most exotic
nuclei, such as 138Sn [381], and reaching Z values up to 64 in the discovery of isomers
in 164Sm and 166Gd [382].
10.2.2. Incomplete fusion reactions The well-known and long-exploited fusion-
evaporation reactions with stable beams lead naturally to neutron-deficient nuclei. In
the quest to study high-spin states in stable and slightly neutron-rich nuclei, significant
advances were made with incomplete-fusion reactions (see Ref. [422] and Refs. therein)
such as (7Li, αxn), (9Be, αxn) and (11B, αxn). For example, valuable data were obtained
for 212Po [165], 180Ta [423], 178Hf [73] and 176Lu [424]. This technique has a relatively
limited range of applicability, and further progress has largely depended on radioactive
beams and multi-nucleon transfer reactions, as discussed in the accompanying sections.
10.2.3. Fusion-evaporation reactions with radioactive beams The advent of even
relatively light neutron-rich beams such as 6He, 8He, 10Be etc., from new radioactive-
beam facilities, and the high cross sections in fusion-evaporation reactions, make it
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possible to study neutron-rich nuclei even with low beam intensities. Unfortunately
such reactions will not be as effective as those with stable beams for making high-
spin states, and therefore high-spin isomers, because the low binding energies of the
projectiles (such as 8He) result in high excitation energies in the compound nucleus,
with the consequence that neutrons are evaporated more readily. The net result is to
shift the optimum energies for, say, (8He, 4n) reactions on heavy nuclei to about 25 MeV,
much closer to the Coulomb barrier and therefore with much lower angular momentum
input than in typical (4He, 4n) reactions, which peak near 40 MeV. Beams of 8He [425]
and 17N [426], among a number developed, have been used, albeit with limited success
and with significant challenges being posed by the residual activity presented by the
beam particles.
Looking to the longer term, inverse reactions with heavy, neutron-rich beams (such
as 144Xe, for example) offer the possibility of reaching neutron-rich product nuclei at high
spin, and these may ultimately give detailed information about, for example, high-K
isomers in neutron-rich hafnium and tungsten isotopes.
10.2.4. Multi-nucleon transfer and deep-inelastic reactions Early studies have shown
that reactions with heavy-ion beams with energies of about 6 MeV/nucleon, not far
above the Coulomb barrier, were capable of causing significant mass and energy transfer
([427, 428] and references therein). These reactions that began to be exploited in the
early 90s [429, 430, 431] are able to populate a broad range of excited nuclei, albeit
in a non-selective way, through the (two-way) transfer of mass and charge, leading to
significant excitation energy and angular momentum in the projectile-like and target-
like products [432]. Depending on the energy above the Coulomb barrier, there may well
be more than a hundred products in any given reaction, made with progressively lower
cross section as more particles are transferred, falling by about an order of magnitude
for each successive particle.
Many studies over the last decade have continued to exploit this type of reaction,
particularly given the advent of modern γ-ray arrays, giving access to the study of
both projectile-like and target-like products. Coincidence γ-ray−fragment techniques
have been used to provide Z and A identification of the projectile-like products with
an appropriate recoil device, PRISMA for example Ref. [433] (see also Ref. [434] for
neutron-rich medium-mass cases). Such measurements can also be used to identify
transitions in the complementary heavy products. Although thin-target measurements
are not usually appropriate for isomer studies, once some transitions are known
the information can be subsequently exploited in thick-target type measurements.
Less selective measurements are also possible with devices such as CHICO installed
in GAMMASPHERE, where coarse identification of projectile-like and target-like
fragments is possible, allowing selection on grazing-like collisions but still maintaining
some sensitivity to isomers (e.g. [435]). Measurements that have signalled the opening
up of the landscape for the identification of isomers in well-deformed nuclei, include
studies of various lutetium, hafnium, tantalum and tungsten isotopes, carried out mainly
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by the Surrey and Argonne groups and collaborators [436, 437, 438, 439, 440, 441, 442].
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Figure 24. Approximate reach (dashed line) of deep-inelastic reactions with current
detector sensitivities in the well-deformed region, updated from Ref. [42]. Nuclides in
which new isomers have been identiﬁed, or signiﬁcant information on existing isomers
obtained, are indicated by the pink squares. Black bars refer to stable nuclides, and
yellow bars refer to nuclides where isomer data are still under evaluation. References
are given in the main text. See also Kondev et al. [41].
A systematic set of measurements have been carried out by a Canberra-Argonne
collaboration, using similar conditions for each, with ∼6 MeV/nucleon 136Xe beams
on a variety of the most neutron-rich stable targets available. All have exploited time
correlations with GAMMASPHERE and a variety of beam pulsing and chopping. The
measurements have led to extensive new information on isomers in a range of nuclei
near stability and also somewhat neutron-rich, as depicted schematically in figure 24.
Analysis of these data continues but details of completed results are published in a series
of papers [33, 67, 74, 94, 126, 128, 129, 130, 443, 444, 445, 446, 447, 448, 449, 450, 451].
They cover a broad range in terms of physics, from the characterisation of comprehensive
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multi-quasiparticle isomers in 174Yb [445], for example, to the identification of transitions
to intermediate states that could connect the high-K and low-K isomeric and ground
states in 176Lu by photoexcitation, thus affecting elemental abundances in a stellar
environment [33].
Comparing the scope of these measurements with those obtained from the
fragmentation studies discussed in the preceding section, the deep-inelastic approach
generally reaches to about four neutrons beyond stability, considerably less than
fragmentation, although with more extensive spectroscopic information being extracted,
a function partly of the γ-ray detection systems currently available and yields. The
approaches should be seen as complementary, since Z and A identification is limited in
thick-target deep-inelastic studies, but unambiguous assignments are usually possible in
fragmentation.
10.2.5. Isomers in storage rings Early measurements in storage rings were able to
resolve β-decaying isomers in the mass-50 region [452]. More recent mass measurements
exploiting time-resolved Schottky mass spectroscopy [453] in the ESR [454] have
demonstrated a sensitivity down to single ions, and a precision of about 10 keV
for locating highly-excited isomeric states in relatively heavy nuclei, opening up new
prospects for identifying low-yield exotic states [82, 455, 456]. At present, the crucial
cooling stage takes a few seconds, which limits the technique to states with lifetimes
down to a few seconds unless the initial yield is very high. The power of the technique
is that it is essentially decoupled from the need to observe the decay radiation, although
the signatures of the decay processes themselves can be “read” from the pattern of
trajectories observed.
This can can be seen from the example of a recent measurement [82, 83] shown
in figure 25. Ions of exotic isotopes were produced using fragmentation of a ∼500
MeV/nucleon gold beam, separated with the FRS and injected into the ESR at GSI.
Three sequential injections are shown in the top panel, involving states in fully stripped
184Hf and also H-like 184Ta, in a map of the time evolution (running down the page)
of Schottky signals as a function of their relative frequency. Essentially four different
trajectories can be seen at different times: three associated with states in 184Hf (ground
and excited states as marked) and one with the ground state of 184Ta, all neutron-rich
isotopes.
An important point is that the amplitude of the Schottky signal is directly
proportional to the number of ions. The middle panel shows a detail of the third
injection (reproduced in the bottom panel): the intensity at the beginning indicates the
presence of two ions with the same mass, one of which (lower intensity track) proceeds
and terminates at about 150 s, while a second track of lower mass is born at about 20 s
after injection. The signature here is that terminating tracks indicate a β-decay, leading
to a fully stripped ion outside the field-of-view (other decays that produce large recoil
momentum may have a similar effect) while the birth of the second track at lower mass
indicates the γ-decay of one isomeric ion to a lower excited state. (Of course, for fully
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Figure 25. Schottky spectra for circulating 72+ ions with A = 184 [82, 83]. The
ﬁgure is adapted from Ref. [42]. See text for explanation.
stripped ions internal electron conversion is not possible, so that the measured lifetimes
will be correspondingly longer than those when atomic electrons are present, depending
on decay paths.)
The Kpi = 8−, m1 isomer was originally identified using deep-inelastic reactions
and on-line separation at GSI [457]. From that γ-decay work, the energy was precisely
known at 1272.4 keV. This provides a good test of the mass measurements which give an
excitation energy of 1264(10) keV. The higher lying (m2) isomer observed at 2477(10)
keV has been associated with a Kpi = 15+ state, expected from multi-quasiparticle
calculations at about 2369 keV [82]. The four-quasiparticle configuration contains
the two-proton 8− “building block” as a component, together with the 3/2−[512] and
11/2+[615] neutrons that lie near the Fermi surface. The lifetime of the upper isomer
is consistent with a weak E3 γ-ray branch (see Refs. [82, 83] for details) which would
proceed through the unknown states of the Kpi = 8− band, while the β-decay is likely
to pass through a high-K, high-spin path, within the excited states of 184Ta.
Although the spectroscopic information obtained with these measurements is very
limited, and there will be ambiguities in relating the isomers to the spectrum of
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calculated states, since not all calculated states will necessarily lead to isomers in the
accessible lifetime region, once some states are known, experimental studies tailored
to observe the subsequent decays become feasible. This is an exciting prospect given
that little, if anything, is known about these nuclei. Preliminary studies have already
commenced at ISOLDE and more are planned for the future building on the established
capabilities for producing neutron-rich hafnium beams [458].
Similar prospects exist for other cases such as the two isomers identified in 187Ta
with suggested spins of 27/2+ (1789 keV, T1/2 = 22(9) s) and 41/2
+ (2935 keV, T1/2
> 5 min.). Gamma-ray decays into 187Ta itself should reveal low- and high-seniority
high-spin states in that nucleus, while the β-decays from both isomers provide a similar
window into 187W. The β-decay paths are forced to go to high-K daughter states since
only specific one-particle decays will proceed.
These developments can be viewed in the tradition of high-spin studies using
radioactive sources of isomeric states, such as the 160-day Kpi = 23/2− isomer in 177Lu
whose decay exposed high-K structures in both 177Lu and in the β-decay daughter
177Hf [459], and is still being exploited [460]. The much shorter lifetimes involved in
the neutron-rich nuclei might not be usable for the production of exotic sources but
they might yet find applications as (weak) exotic beams (samples) that can be studied
themselves, or be used to study reactions. This is one of the expected applications for
the programme of experiments when a storage ring is installed at ISOLDE [461].
10.3. Sub-nanosecond timing detectors: LaBr3
New arrays of LaBr3 γ-ray detectors are now making their mark in the determination of
half-lives & 50 ps. Typically, the detectors are incorporated into arrays of germanium
detectors, to benefit from the superior germanium energy resolution, such as in
ROSPHERE in Romania [462, 463], GAMMASPHERE in the USA [464], EXILL
in France [465, 466], and EURICA in Japan [467].
Although germanium detectors can already be used to determine half-lives in the
1 ns region, this is rarely achieved in multi-detector arrays, so that the inclusion of
LaBr3 detectors represents a significant advance. As with longer-lived states, the sub-
nanosecond timing capability has two specific benefits: (i) the experimental ability to
establish the temporal ordering of transitions [41], and (ii) the ability to determine short
half-lives for the purpose of evaluating hindrance factors and their structure implications.
For example, the 644 keV, 5− → 4+ E1 transition in 136Ce has been measured to have a
half-life of 496(23) ps [463], yielding a transition strength of 1.6(3) × 10−6 W.u., which
is interpreted as indicating no significant K hindrance. Further measurements of this
kind will help to determine the limiting features of the K quantum number, with many
candidate intrinsic states that have only upper-limit half-lives tabulated by Kondev et
al. [41].
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10.4. Separating isomers from ground states
In the earlier sections, there has been emphasis on using decay properties to enable
isomer-selective investigations. In this section, we concentrate on the use of other
isomer properties that enable them to be separated physically from their respective
ground states, with the possibility of preparing pure isomeric beams. The key properties
exploited here are masses and magnetic dipole moments. The associated techniques
for isomer-beam preparation have not yet been fully developed, but they will become
increasingly important as the new generation of radioactive-beam accelerators comes
on-line.
10.4.1. Mass selection A mass resolution of better than 1 part in 105 is one avenue
for achieving physical isomer separation, and this can be provided by storage rings
(Sect. 10.2.5) and Penning traps. In the former case, using the ESR at GSI, it is possible
to insert a mechanical scraper to remove unwanted ions. While proof-of-principle for this
has been demonstrated [468], it remains to be used in practice to generate a purified
isomer beam. In addition, there are cases where an isomer is longer lived than its
respective ground state. For example, the Jpi = 18+ isomer of 210Po has a half-life of
45 s, whereas the ground state has a half-life of 0.3 µs. Therefore, after a short storage
time the ground state will have decayed and the isomer would be purified.
Penning traps are widely used for accurate mass measurements of radioisotopes
[469]. In common with storage rings, Penning traps can detect isomers without the need
for decay radiations, such as in the discovery of an isomer in 65Fe [470] at the LEBIT
facility at NSCL. Furthermore, with the ability to eject ions from the trap in a mass
selective manner, it is possible to perform spectroscopy on the selected radioisotope.
Indeed, isomer selection has been demonstrated with 100Nb [471] at JY FLTRAP ,
Jyva¨skyla¨, and with thallium isomers [472] at ISOLTRAP, CERN. A further recent
development capable of fast (∼10 ms) separation of isomers from ground states is
that of multi-reflection time-of-flight (MR-ToF) mass spectrometry [473, 474, 475], now
successfully demonstrated with the Jpi = 25/2+, 211Po isomer [476].
10.4.2. Hyperfine structure Laser techniques exploit differences in hyperfine structure
[477] such that an isomer can be distinguished from its corresponding ground state, not
only without the need for decay radiations, but also without the need for a significant
mass difference. Thus, in the case of 80Ga, measurements at ISOLDE enabled the
discovery of a new isomer [478], whose excitation energy remains unknown but whose
decay properties have since been studied in detail [479].
With an ISOL facility, the ionisation stage can be implemented with in-source laser
resonant ionisation. The ionisation efficiency is frequency dependent and sensitive to the
hyperfine structure, especially that arising from the nuclear magnetic dipole moment.
Since different chemical elements present different atomic structures, element-specific
schemes for resonant ionisation need to be established. A very successful case has been
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the resonant ionisation of copper at ISOLDE, enabling, for example, the separation and
reacceleration of the Jpi = 6− isomer of 68Cu for Coulomb excitation studies [366].
In-source resonant ionisation has limitations due to the thermal broadening of the
hyperfine structure. Improved resolution can be achieved with the in-flight collinear
technique [477], which has recently been developed at ISOLDE and successfully applied
to francium isotopes and isomers [121, 480], including isomer-selected α-coincidence
spectroscopy.
In a separate development, the hyperfine structure of highly charged ions can be
exploited in storage rings, through the process of dielectronic recombination, to separate
isomers from ground states [481].
11. Open questions and closing comments
As discussed above, isomers can be used as probes of nuclear reactions and nuclear
structure, with an essentially unlimited scope. In themselves, isomers are not necessarily
the focal point of interest: after all, there are likely to be more isomers than there are
nuclear species. As well as the possible applications that might eventuate, the primary
interest arises, in our view at least, from the fact that isomerism can be indicative of
unusual/unexpected nuclear structure and it can also, simultaneously, provide a means
of characterising that structure. Isomers thus provide a highly sensitive tool whose
utility is not decoupled from the primary imperatives of the discovery and study of
exotic nuclei.
Within this context, the preceding sections have addressed a number of unresolved
issues, not the least of which is the extent to which isomers might provide additional
stability, or at least longer half-lives, at the outer reaches of the nuclear chart. There is
the prospect here of a different perspective in the way that we view the limits to nuclear
binding. To appreciate this possibility, it is necessary to have a better understanding of
the controlling factors in isomer decay rates, but the theory of transition probabilities,
for transitions that are essentially forbidden, is not yet well developed. When it comes
to isomeric fission, the gap in understanding seems to widen even further, and here the
empirical knowledge is also rudimentary.
A better understanding of isomer decay rates would surely also improve the
prospects for isomer manipulation and control, with concomitant applications. From
a societal perspective, this is an immense challenge. It seems to require not only
interdisciplinary breakthroughs, but also the chance occurrence of an appropriate
juxtaposition of nuclear states. The relationship between steady progress and
serendipity is complex.
Significant progress has been made in developing reactions that can (i) access
neutron-rich heavy nuclei, (ii) more generally reach further towards the outer reaches
of the domain of nuclear binding, and (iii) at the same time provide isomeric beams
with novel capabilities. While these advances have already been highly productive, they
are far from being fully developed in terms of production and detection techniques, or
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exhausted in terms of their discovery potential. Furthermore, new accelerator facilities
are currently under construction or being planned, and their exploitation will include
studies of nuclear isomers. There is always a problem to be aware of with the study
of isomers though, and that is that the popular techniques for their identification can
be compromised if the lifetimes become very long, as might occur, paradoxically, in the
more interesting cases.
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